AD-A247  848 


FINAL  REPORT 


submitted  to  Office  of  Naval  Research 


MECHANICS  OF  THIN  FILMS 


ONR  Grant  N  -  00014^87-K-0488 


P.L  Professor  John  Lambropoulos 


Department  of  Mechanical  Engineering 
University  of  Rochester 


^2~0549fi 

HHifini 


92  8  02  18T 


REPORT  DOCUMENTATION  PAGE 

form  Approvtfi 
out  No.  GTOAOIff 

r«seniM  OMratn  tw  inn  Mii«reoi>  ot  mtofmrtio"  ■!  •mmaitd  to  avotoo*  '  "«>"  'rwooto.  ifKinoidfl  wt  «*•  <cr  rwnmmnf  umnitaom.  worcniM  tmna  aau  ia<inn 
90tMn<>9  M*  momiomno  »•  ooto  noMM.  «■<«  cawoiotin^  too  rr«r*»N  tM  coiioetio)' o«  .otonmtioo  S«w  cammwm  roamm  iKn  twMn  oRHMn  orm,  wS  ttoononilli 
eotloami o*  Mfamwtian.  inctgoim  wfmiiem  for  '•autinq ntn oofOo".  to  WMOwNtoo  ■MMiuonon iotvicn.  Oiroctotmora^fomtiitM  npomiun, i] i ( joftonen 
Oovfi  Mtaftwov.  Wit  IJ04.  Ar<in9ieii,  vii  ii202'tio2.  aitt  to  tfit  Ott'C#  Ot  Mtftto*"»t<*t  anotut^tt.  raottwieta  tttwctiott  trofOCI  (OTOto i|f),  attiltmgiott.  DC  20S4]. 

t.  ACINCV  USi  ONLY  (iMvd  MnA;  |  2.  MFORT  OATI  1  }.  RIFORT  TYFt  AND  OATIS  COVIRCO 

1 2/6/92  1  Final  report:  7/1/87-6/30/91 

A  nni  AND  SUiTiTU 

Mechanics  of  thin  films: 

Elastic  stresses,  stress  relaxation,  and  thermal  effects 

5.  FUNDING  NUMRERS 

Grant 

N-00014-87-K-0488 

A  AUTHOR(S) 

Professor  J.  C.  Lambropoulos 

7.  RIRFORMING  ORGANIZATION  NAMf(S)  AND  AOORf  S$(fS) 

University  of  Rochester 

River  Campus 

Rochester,  NY  14627 

A  PERFORMING  ORGANIZATION 

REPORT  NUMRER 

5-28827 

9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  AOORISS<tS) 

Office  of  Naval  Research  (ONR) 

Arlington,  Virginia  22217-5000 

10.  SPONSORING /MONITORING 

AGENCY  REPORT  NUMRER 

11.  SUmiMINTARV  NOTES 

12a.  oistrirution/availariuty  statement 

UA  OISTRIRUTION  CODE 

13.  ARSTRACT  (M^Mimum  200  worOtt 

Problems  in  the  mechanics  and  thermomechanics  of  thin  films  have  been  addressed.  (1)  Anisotropic 
stresses  in  films  of  cubic  anisotropy  oriented  along  the  <100>,  <1 1 1>,  or  <1 10>  normals  on  a 
substrate;  (2)  Relaxation  in  thin  films  by  time-independent  plastic  deformation  along  the  film/substraie 
interface,  by  cracking,  or  by  stress-induced  diffusional  flow  during  film  growth.  The  toughening  effect 
on  brittle  components  of  thin  films  in  residual  compression  has  been  calculated  and  compared  to 
experimental  data.  (3)  Motivated  by  measurements  (using  the  thermal  comparator  technique)  of  thin  film 
thermal  conductivity  where  the  film  conductivity  was  found  to  be  up  to  two  orders  of  magnitude  lower 
than  that  of  the  corresponding  solid,  the  thermal  conductivity  of  thin  dielectric  films  has  been  correlated 
to  microstructural  features  such  as  grain  size  and  film  thickness.  The  implications  of  reduced  film 
thermal  conductivity  were  examined  for  laser  damage  where  nonlinear  effects  were  shown  to  be 
important.  The  effects  of  film  anisotropy  and  interfacial  thermal  resistance  have  been  analyzed  and  the 
contribution  of  microporosity  to  interfacial  thermal  resistance  has  been  calculated.  For  thermally 
anisotropic  films  an  equivalent  isotropic  film  of  properly  chosen  thickness  and  conductivity  could  be 
identified.  Length  scales  have  been  established  against  which  the  film  thickness  is  to  be  compared. 

1A  SURlSa  TERMS  ^ 

thin  films,  anisotropy,  diffusional  flow,  film  growth, 
toughening,  thin  film  thermal  conductivity,  laser  damage, 
interfacial  thermal  resistance,  thin  film  microstructure 

1A  NUMRER  OF  PAGES 

56+9  Appendices 

1A  PUKE  COOE 

17.  SECURITY  CLASSIFICATION  is!  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION 
OF  REPORT  OFTmSPAGi  OF  AISTRAa 

Unclassified  Unclassified  Unclassified 

2A  LIMITATION  OF  ARSTRACi 

SAR 

NSN  7S4041-2M-SS00  SUndard  Form  299  (*•«.  2-19) 


niicrin  •«  am  M.  t»f* 


FINAL  REPORT 


submitted  to  Office  of  Naval  Research 


MECHANICS  OF  THIN  FILMS 


ONR  Grant  N  -  00014-87-K~0488 


P.I.  Professor  John  Lambropoulos 


Department  of  Mechanical  Engineering 


University  of  Rochester 


Statement  A  per  telecon  Dr.  Roshoy  Barsoun 

ONR/Code  1132 

Arlington,  VA  22217-5000 

NWW  3/23/82 


N'"'  ' 

■  J  iAtif  ioalloti - 


•y - - 

r  iatrUwit  l*«i/ 


AvailabllltT  Co*«e 
1A«*11  sad/ar 
Dl3t  I  »j>eolal 


i?v-\ 


TABLE  OF  CONTENTS 


Intrcxiuction  page  1 


1 .  ANISOTROPIC  ELASTIC  STRESSES  IN  FILMS 

1.1  Constitative  law  3 

A.  Films  with  normal  along  <00 1>  5 

B.  Films  with  normal  along  <1 1 1>  6 

C.  Films  with  normal  along  <01 1>  7 

1.2  Anisotrropic  stresses  8 

2.  STRESS  >  ELAXATION 

2. 1  Plastic  (fieformation  along  the  interface  9 

2.2  Diffusion al  creep  during  film  growth  12 

2.3  Crackinjg  of  thin  films  15 

3.  THERMOMECHANICS  OF  THIN  FILMS  17 

3 . 1  Thermal  conductivity  of  thin  films  1 9 

3.2  Film  thermal  anisotropy  and  interfacial  thermal  resistance  22 

3.2.1  T emperature  distribution  25 

3.2.2  Limiting  cases  36 

3 . 3  Microsoructural  effects  in  film  thermal  conductivity  38 

3.4  Laser  damage  in  thin  films 

3.4. 1  Implications  of  low  film  thermal  conductivity  44 

3.4.2  Nonlinear  effects  in  laser  damage  46 

3.5  Microsttuctural  effects  in  interfacial  thermal  resistance  50 

REFERENCES  55 


APPENDIX  (1):  J.  C.  Lambropoulos  and  S.-M.  Wan,  Stresses  in  anisotropic  thin  films 
bonded  to  stiff  substrates,  Eleatronic  Packaging  Materials  Science  ID,  ed.  R.C.  Sundahl  et  al.. 
Mat.  Res.  Soc.  Symp.  Proc.,  vol.  108,  399  (1988). 

.\PPENDIX  (2):  J.  C.  Lambropoulos  and  S.-M.  Wan,  Stress  concentration  along 


interfaces  of  elastic-plastic  thin  films.  Mat.  Sci.  &  Engin.,  A107,  169  (1989). 


APPENDIX  (31:  J.C.M.  Li,  P.D.  Funkenbusch,  and  J.  C.  Lambropoulos, 

Microstnictural  control  through  strategic  materials  processing,  in  Ashby  Symposium:  The 
Modelling  of  Material  Behavior  and  Its  Relation  to  Design,  ed.  J.D.  Embury  and  A.W. 
Thompson,  The  Minerals,  Metals  &  Materials  Society  (TMS),  pp.  149—173  (1990). 

APPENDIX  (4):  J.  C.  Lambropoulos,  Thermomechanics  of  thin  films  and  interfaces,  J. 
Electronic  Materials,  19,  895  (1990). 

APPENDIX  (5):  J.  C.  Lambropoulos,  Analysis  of  thermal  stress,  fracture  strength,  and 
the  effect  of  ion  exchange  on  high  average  power  phosphate  glass  slab  lasers,  J.  Appl. 

Phys.,  67,  1784  (1990). 

APPENDIX  (61:  J.  C.  Lambropoulos,  Toughening  and  crack  tip  shielding  in  brittle 
materials  by  residually  stressed  thin  films,  J.  Vac.  Sci.  &  Technol.,  A9,  2503  (1991). 

APPENDIX  (1):  J.  C.  Lambropoulos,  M.R.  Jolly,  C.A.  Amsden,  M.  Sinicropi,  D. 
Diakomihalis,  and  S.D.  Jacobs,  The  thermal  conductivity  of  thin  dielectric  films,  J.  Appl. 
Phys.,  66,  4230  (1989). 

APPENDIX  (81:  J.  C.  Lambropoulos  and  S.-S.  Hwang,  Implications  of  low  film  thermal 
conductivity  for  the  laser  damage  resistance  of  optical  thin  films,  Electro-Optics  and  Nonlinear 
Optics,  ed.  K.M.  Nair,  A.  S.  Bhalla,  and  E.M.  Vogel,  Ceramic  Transactions,  14,  219-227 
(1990). 

APPENDIX  (9):  J.C.  Lambropoulos,  S.D.  Jacobs,  S.J.  Bums,  L.  Shaw-Klein,  and  S.-S. 
Hwang,  Thermal  conductivity  of  thin  films:  measurement  and  microstnictural  effects,  in  Thin- 
film  heat  transfer,  properties  and  processing,  ed.  M.K.  Alam,  M.I.  Flik,  G.P.  Grigoropoulos, 
J.A.C.  Humphrey,  R.L.  Mahajan,  and  V.  Prasad,  American  Society  of  Mechanical  Engineers 
HTD-Vol.  184,  pp.  21-32  (1991). 


INTRODUCTION 


Many  technological  areas  currently  use  designs  that  rely  on  thin  films  for  a  variety  of 
effects  that  include  mechanical,  thermal,  electrical,  optical  and  magnetic  properties.  As  typical 
examples  we  mention  microelectronics,  optical  coatings  and  multilayers  for  use  in  optical  arrays 
or  solid-state  lasers,  optical-magnetic  recording  and  storage  devices.  It  is  becoming 
increasingly  clear  that  such  thin  films  are  exposed  to  a  variety  of  loadings  which  may  be 
mechanical  (for  example  coatings  for  tribological  applications),  chemical  (for  example  anti¬ 
corrosion  coatings),  thermal  (for  example  the  dissipation  of  heat  in  microelectronic  chip  and 
package  designs),  electrical  or  magnetic  (such  as  the  failure  of  superconducting  thin  films  at  a 
critical  value  of  the  magnetic  field).  Furthermore,  there  often  is  observed  a  strong  coupling 
between  such  loads,  as  for  example  the  interplay  between  mechanical  properties  (elastic  moduli), 
thermal  properties  (thermal  conductivity,  thermal  expansion  coefficient),  and  optical  properties 
(absorption)  in  determining  the  laser  damage  resistance  of  thin  films. 

This  report  discusses  work  in  three  areas  concerning  thin  films:  The  first  area  is  the 
determination  of  anisotropic  elastic  stresses  in  thin  films,  where  the  primary  area  of  application 
would  be  epitaxial  films.  In  this  work,  the  film  thickness  enters  only  as  a  geometrical  parameter 
which  otherwise  does  not  affect  the  mechanical  response  of  the  film. 

The  second  area  discusses  stress  relaxation  in  thin  films  by  plastic  deformation  along  the 
film/substrate  interface  due  to  theimomechanical  loading,  by  diffiisional  creep  during  film 
growth,  or  by  cracking.  The  interesting  point  to  be  made  is  that  diffiisional  creep  introduces  a 
length  scale  to  which  the  film  thickness  is  to  be  compared.  This  length  scale,  therefore,  can  be 
used  to  determine  whether  or  not  the  film  is  "thin".  Interestingly,  this  length  scale  depends  both 
on  film  material  properties  as  well  as  growth  or  processing  properties. 

The  third  area  discusses  the  theimomechanical  properties  of  thin  films,  and  specifically 
addresses  the  issue  of  the  thermal  conductivity  and  interfacial  thermal  resistance  in  thin  films. 
The  work  consists  of  an  experimental  part,  an  analytical  part,  and  a  computational  part  (finite 
elements).  It  is  shown  that  thermomechanical  properties  of  thin  films  may  be  considerably 
different  from  those  of  the  corresponding  bulk  solids,  and  this  discrepancy  is  resolved  by 
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considering  microstruEaural  contributions  in  thin  film  thermal  conductivity.  Again,  a  length  scale 
is  found  against  whkfc  the  film  thickness  must  be  compared  in  order  to  determine  whether  or 
not  the  film  is  "tihin".. 

The  report  CMssists  of  two  parts,  a  main  part  and  a  set  of  Appendices  containing  the 
work  published  in  refereed  journals  or  books.  When  work  is  described  that  has  been  already 
published,  only  the  main  assumptions  and  results  are  contained  in  the  main  part  of  the  report, 
and  the  reader  is  refemed  to  the  enclosed  Appendices  for  further  details  or  for  further 
bibliographical  refeimces.  When  the  described  work  has  not  yet  been  published,  the  main  report 
contains  the  formulataon  of  the  problem,  the  analysis,  and  the  relevant  results  and  references. 
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1 .  ANISOTROPIC  ELASTIC  STRESSES  IN  FILMS 


The  objective  is  to  determine  the  effect  of  elastic  anisotropy  on  the  stress  levels  in  thin 
films.  A  primary  area  of  application  would  be  epitaxial  thin  films.  The  two  areas  of  particular 
interest  are  near  the  film's  free  edge  and  far  from  the  free  edges  where  the  film  is  uniformly 
stressed.  For  the  calculation  of  the  stresses,  we  first  find  the  constitutive  law  that  applies  to  a 
specific  orientation  of  the  film  with  respect  to  the  substrate,  and  we  then  use  the  constitutive  law 
for  the  numerical  calculation  of  the  stresses. 


1.1  CONSTITUTIVE  LAW 


Consider  a  thin  film  made  of  a  material  with  cubic  anisotropy.  The  elastic  response  of 
such  a  material  is  characterized  by  the  elastic  coefficients  Cj  j,  Cj2>  C44  so  that  in  the 
crystallographic  axes  the  stress  strain  relation  is 

CJll  =  Cii  Ell  +  Ci2(e22  +  £33)  012  =  2  044  £12  CtC.  (1.1) 

It  is  convenient  to  define  an  equivalent  Poisson  ratio  v,  and  the  anisotropic  constants  A  and  H 
via 


V  = 


C12 


Cji  +  C12 


.  _  2  C44 

Cn-C,2 


H  =  2  C44  -  Cl  1  +  C12 


(1.2) 


For  an  isotropic  material  H=0  and  A=l.  The  anisotropic  parameters  H  and  A  are  related  by 


H  =  C 


(A-l)(l-v) 
1  +v 


C  =  Ci,+C,2-2^ 

Cii 


(1.3) 


The  constant  C  reduces  to  E/(l-v)  for  isotropic  materials.  For  typical  semiconductors  and 
metals  A  lies  between  1  and  4,  and  the  equivalent  Poisson  ratio  v  lies  between  0.2  and  0.45. 
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Common  orientations  of  thin  anisotropic  films  deposited  on  substrates  are  along  the 
<100>,  <110>  or  <11 1>  directions.  For  the  stress  analysis  of  such  films,  the  stress-strain  law 
must  be  converted  from  the  crystallographic  axes  to  axes  appropriate  for  the  orientation  of  the 
film/substrate. 

Consider  a  cylindrical  coordinate  system  where  the  z  axis  coincides  with  the  film  normal 
n,  and  the  r,  0  directions  lie  in  the  film  plane.  It  is  convenient  to  evaluate  the  elastic  constants 
that  relate  the  stresses  and  strains  in  the  cylindrical  coordinate  system  r,  0,  and  nsz.  The  elastic 
stress-strain  law  relates  the  stress  vector  [o]  to  the  strain  vector  [e]  as 

[a]  =  [C][e]  (1.4-a) 

[a]  =  [On  O00  Om  Ger]  [e]  =  [£„  £00  Yoz  Yer]  (1-4-b) 

The  results  below  summarize  the  form  of  the  6X6  matrix  [C]  appropriate  for  three 
commonly  used  film  orientations. 
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A.  FILMS  WITH  NORMAL  ALONG  <001> 

For  [001]  films,  we  denote  by  0  the  angle  measured  from  [100]  in  the  film  plane.  Due 
to  symmetry,  we  only  examine  the  range  O<0<Jc/4.  The  matrix  [C]  is  given  by 

C,2  0  0  C'i5 

Ci2  0  0  ~Cl6 

Cii  0  0  0 

C44  0  0 

C44  0 

C44 


Cii  =  Cii  +^(l  -  cos  40)  , 

C12  =  C12  -^{1  -  cos  49) 

C44  =  C44  -  ^  ( 1  -  cos  40)  , 

Ci6  =  f  sin  40 

-6- 


B.  FILMS  WITH  NORMAL  ALONG  <11 1> 

For  [111]  films,  0  measures  the  angle  in  the  film  plane  from  the  projection  of  [110] 
onto  that  plane.  Due  to  symmetry  O<0<7c/3.  The  result  is 

i 

Ci2  He  -Hs  0 

Ci2  -He  H,  0 

C33  0  0  0 

Ci3  0  -Hs 

Ci3  -He 
Ci3 


Ci2-Ci2-^,  Ci2-C]2-^ 

C33  =  Cll+2i,  Ci3  =  C44-^.  C;3  =  C44-§  (1.6b) 

He  =  COS  30  ,  Hs  =  sin  39 
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C.  FILMS  WITH  NORMAL  ALONG  <01 1> 

For  films  with  normal  along  [01 1],  6  denotes  the  angle  from  [100]  in  the  film  plane. 
Now,  due  to  symmetry  the  region  of  interest  is  O<0<ji/2.  The  result  is 


Cl  1  =  C]  1  -  (-7  +  4  cos  20  +  3  cos  40)  ,  Ci  1  =  Ci  1  -  ^  (-7  -  4  cos  20  +  3  cos  40] 

Id  Id 

Cu  =  C.-^(.  -cos  40).  Cj3  =  Ci2-a(l  -cos  20) 

Ci3  =  C12 -^(1  +  cos  20)  ,  C33  =  Cii+^,  €35  =  -^  sin  20 

(1.7b) 

Cj6  =  ^  sin  20  (1  +  3  cos  20)  ,  Cj^  =  ^  sin  20  (l  -  3  cos  20) 

o  o 

C44  =  C44  -^(1  -  cos  20)  ,  C44  =  C44  -^(1  +  cos  20) 

C44  =  C44  -^.^(1  -cos  40)  ,  C45  =  -^  sin  20 

lo  4 
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1.2  ANISOTROPIC  STRESSES 


The  stresses  have  been  calculated  numerically  by  using  finite  elements  for  the  case  when 
far  firwm  the  free  edges  the  film  is  in  a  state  of  residual  balanced  biaxial  tensile  or  compressive 
strain.  Such  a  state  of  strain  arises  either  due  to  the  thermal  mismatch  between  the  film  and  the 
substrate,  or  due  to  the  film  deposition  process.  To  reduce  the  numerical  complexity  of  the 
proble;m,  conditions  of  plane  strain  were  imposed  so  that  the  three-dimensional  constitutive  law 
of  eqms  (1.5)-(1.7)  could  be  further  reduced  to  two-dimensional.  For  the  cases  n=[001],  [111] 
and  [OTl]  the  plane  strain  conditions  were  imposed  along  the  directions  [010],  [1  —2  1]  and 
[100],  irespectively.  The  details  of  the  calculation  and  references  can  be  found  in  Appendix  1. 

The  main  conclusions  are  as  follows  for  the  case  of  a  film  supported  on  a  much  stiffer 
substrate: 

The  main  effect  of  elastic  anisotropy  (i.e.  the  deviation  of  the  anisotropic  parameter  from 
unity)  iis  to  increase  the  stresses  both  in  the  vicinity  of  the  free  edge  of  the  film,  as  well  as  in 
the  part  of  the  film  which  is  uniformly  stressed,  i.e.  far  from  the  free  edges.  The  extent  of  the 
interface  which  is  subjected  to  large  shear  stresses  increases  considerably  as  A  increases, 
especia^lly  for  the  cases  of  n=[lll]  and  n=[011]. 

The  stresses  for  n=[l  1 1]  or  [Oil]  were  very  similar  for  the  same  level  of  anisotropy. 
These  stress  levels  have  a  strong  dependence  on  the  anisotropic  parameter  A.  For  n=[001]  the 
stresses  are  lower,  and  have  a  weaker  dependence  on  the  anisotropic  factor  A. 
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2.  STRESS  RELAXATION 


The  objective  in  this  part  of  the  work  was  to  examine  several  mechanisms  which  may 
lead  to  stress  relaxation  in  thin  films,  since  the  stresses  calculated  previously  in  Part  1  do  not 
account  for  any  relaxation. 

Stress  relaxation  can  occur  three  ways:  By  time-independent  elastic-plastic  deformation, 
or  by  time-dependent  creep  which  may  occur  by  dislocation  climb-and-glide  or  by  stress- 
driven  mass  diffusion,  or  by  cracking  of  the  film. 


2.1  PLASTIC  DEFORMATION  ALONG  THE  INTERFACE 


We  assume  that  the  film  is  elastic-plastic,  and  that  far  from  the  free  edges  it  is  in  a 
uniform  state  of  stress  corresponding  to  a  differential  thermal  mismatch  between  the  film  and  the 
substrate.  We  are  primarily  concerned  with  the  case  when  far  from  the  free  edges  the  stress  is 
in  the  elastic  rcjrion,  whereas  the  stress  concentration  near  the  free  edges  leads  to  a  concentrated 
zone  of  intense  plastic  deformation. 


The  film  material  is  modeled  as  elastic-plastic,  with  the  constitutive  law  in  simple  shear 

(f- 

—  = '  )  (2  1) 

^  1®" 


where  Xq  is  the  yield  stress  in  simple  shear,  and  eQ=TQ/2G  is  the  yield  strain  in  simple  shear,  G 
being  the  shear  modulus,  the  hardening  exponent  n  ranges  from  1  (for  linear  elastic  material)  to 
«» (for  elastic,  perfectly  plastic  material). 

For  multiaxial  states  of  stress,  the  strain  Ejj  is  given  by 


-10- 


p..  —  p®.  -f  pp  pT. 

*^ij 


(2.2) 


where  the  elastic  strain  Ejj®  is  related  to  the  stress  Cjj  via  the  usual  linear  elastic  constitutive 

response,  the  plastic  strain  e-P  is  related  to  the  deviatoric  stress  tensor  Sjj=<Tjj-aj^6y/3  by  J2 
deformation  theory  thus 


£?.  =  f  Sij 


(2.3) 


where  the  equivalent  shear  strain  e  is  defined  via  the  strain  deviator 

Under  these  circumstances,  the  equivalent  shear  stress  T  s  (sjj  Sy  /2)^  is  also  related  to  the 
equivalent  shear  strain  e  by  eqn  (2.1). 

The  last  term  in  eqn  (2.2)  is  the  misfit  strain,  which  consists  of  only  a  volumetric 
component 


eJ  =  eT'5ij  (2.5) 

Thus,  thermal  mismatch  strain  can  be  represented  by  e'^,  which  can  also  represent  misfit  strain 
due  to  the  film  deposition  process. 

The  non-dimensional  loading  parameter  was  taken  to  be  the  ratio  of  misfit  to  yield 

strain. 


EO 


(2.6) 
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The  far-field  film  material  will  first  become  plastic  when  0=0.93  for  a  Poisson  ratio  of  0.3. 

The  details  of  the  calculations  can  be  found  in  Appendices  2  and  3.  The  main  results  are 
as  follows  for  the  case  of  a  film  bonded  to  a  stiff  substrate: 

For  0<O.93,  the  plastic  deformation  is  localized  near  the  free  edge.  The  plastic  zone  is 
localized  within  a  thin  strip  near  the  free  edge  and  along  the  film/substrate  interface.  The  length 
D  and  height  H  of  the  plastic  zone  are  not  very  sensitive  to  the  hardening  exponent  n,  but 
depend  strongly  on  the  loading  parameter  0.  Thus,  linear  elastic  stress  distributions  may  be 
used  to  approximate  the  extent  of  the  plastic  zone.  When  0=0.93  the  plastic  zone  extends 
through  the  whole  film.  This  continuum  estimate  of  the  extent  of  plastic  deformation  agrees 
quantitatively  with  the  fact  that  interfacial  dislocations  relieve  the  high  stresses  near  the  free  edge 
by  propagating  along  the  film/substrate  interface. 

The  stress  concentration  in  thick  films  (where  the  areal  extent  of  the  film  is  comparable 
to  the  film  thickness,  thus  modeling  the  island  mode  of  film  growth)  is  lower  than  in  thin  films. 
The  difference  in  stresses  between  thick  and  thin  films  is  largest  for  linear  elastic  materials,  and 
it  diminishes  considerably  as  the  amount  of  hardening  diminishes. 

It  was  found  that  even  for  small  amounts  of  hardening  the  stresses  along  the  film 
interface  near  the  film's  free  edge  can  considerably  exceed  the  yield  stress  of  the  material.  For 
example,  for  n=30,  within  a  distance  of  10%  of  the  film  thickness,  the  shear  stress  along  the 
interface  is  comparable  to  the  yield  stress  whereas  the  peeling  normal  stress  may  be  several 
times  higher  than  the  yield  stress. 

The  calculated  stresses  can  be  also  used  for  the  case  of  film  growth  where  stress 
relaxation  along  the  interface  occurs  during  film  growth  rather  than  post-processing.  The 
observation  that  allows  this  extension  is  that  the  yield  stress  Tq  of  thin  films  is  a  diminishing 
function  of  the  film  thickness.  Thus,  plastic  deformation  is  suppressed  in  very  thin  films  which 
are  expected  to  fail  in  a  brittle  manner.  As  growth  continues,  plasticity  is  enhanced  and  the 
loading  parameter  is  thus  an  increasing  function  of  the  film  thickness. 
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2.2  DIFFUSIONAL  CREEP  DURING  FILM  GROWTH 


The  structure  of  deposited  films  depends  on  parameters  such  as  incident  flux,  film  atom 
adsorption,  density  of  surface  nucleation  sites,  and  adatom  surface  mobility.  The  resulting 
microstructure  consists  of  small  grains,  which  are  often  columnar  and  extend  through  the  film 
thickness  (Thornton,  1974,  1977;  Movchan  and  Demchishin,  1969;  Messier,  1986).  The  small 
grain  size  of  thin  films  implies  that  inelastic  stress  relaxation  mechanisms  which  are  observed  in 
bulk  materials  at  high  temperatures  may  be  actually  operative  in  thin  films  at  lower  temperatures. 
Thus,  stress-driven  diffusional  flow  in  films  is  enhanced. 

To  examine  the  effect  of  microstructure  and  growth  parameters  on  diffusional  flow 
during  the  growth  of  a  thin  film,  we  first  observe  that  the  total  strain  vanishes  for  a  thin  film 
deposited  onto  a  thick  substrate  due  to  the  geometrical  constraint  of  the  substrate.  Thus, 

e'  +  e’’’  +  e=P  =  0  (2.7) 


where  the  first  term  is  the  elastic  strain  related  to  the  biaxial  film  stress  o  by  e^(l-v)a/E  via 
the  film  Poisson  ratio  v  and  Young's  modulus  E,  the  second  term  is  the  misfit  strain  which 
creates  the  stress  in  the  film  and  is  assumed  to  be  independent  of  the  film  thickness,  and  the 
third  term  is  the  creep  strain  which  may  be  due  to  grain-boundary  diffusion  (or.  Coble  creep, 
dominating  at  lower  temperatures  and  higher  grain  sizes)  or  bulk  diffusion  (Nabarto-Herrimg 
creep,  dominating  at  higher  temperatures). 

For  a  point  in  the  film  at  a  fixed  distance  X2  above  the  film/ substrate  interface  no  creep 
relaxation  can  occur  if  the  film  thickness  h  is  less  than  X2.  Thus,  points  near  the  interface  have 
undergone  larger  amounts  of  relaxation  as  compared  to  points  closer  to  the  growing  film  surface 
for  two  reasons:  Points  near  the  interface  are  exposed  to  diffusional  flow  for  longer  periods  of 
time,  and  they  have  experienced  creep  at  lower  grain  size.  The  total  creep  strain  is  thus  found 
by 
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e'P  =  f  dt  (2.8) 

•'X2/P0 

The  creep  strain  rate  is  given  by 

gcp  _  Bs  (Pb  5)  ^  grain-boundary  diffusion 

h^d  <^o 

gCp^B^jj_  ^  bulk  diffusion  (2.9) 

h  d  Oo 

Q 


where  h  is  the  film  thickness,  d  is  the  width  of  the  columnar  grains,  and  Q  is  the  atomic 
volume.  The  current  film  thickness  hQ  increases  in  proportion  to  the  film  growth  rate  Pq,  so  that 

ho=Po  The  constants  and  are  approximately  equal  to  10,  and  Djj5  (units  of  m^/s), 

(units  of  rn^/s)  are  the  temperature-dependent  diffusivities  for  grain-boundary  and  bulk 
diffusion,  respectively. 

Eqn  (2.7)  leads  to  a  differential  equation  for  the  rate  at  which  the  stress  a  in  the  film 
evolves  with  time.  The  details  of  the  calculation  can  be  found  in  Appendix  4.  The  main  result  is 
that  the  elastic  and  misfit  strains  are  of  the  same  order  of  magnitude,  and  that  the  creep  strain 
rate  via  grain-boundary  diffusion  is  proportional  to  the  non-dimensional  number  N  defined  by 

-  E  B,(Db8)  _  a  (2.10) 

Oo  ho  d  po  ho  ’  Oo  d  po 

where  2  is  a  length  scale  which  depends  on  material  properties  and  on  the  growth  parameters  d 
and  Pq.  When  N>1  (or,  equivalently,  the  film  thickness  Iiq  is  less  than  the  length  scale  1)  the 
effect  of  grain  boundary  diffusion  is  important  in  relaxing  the  stresses  induced  by  the  misfit 


strain  e^. 
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To  estimate  the  length  scale  Jl,  typical  values  were  used  for  the  film  growth  rate  Pq 
(from  0.1  to  10  nm/s)  and  the  grain  width  d  (from  20  to  500  nm).  Using  these  typical  values, 
the  range  of  the  length  scale  51  (from  to  51^^)  was  found  so  that  grain-boundary 
relaxation  becomes  important  when  the  film  thickness  is  less  than  1.  The  results  for  many  FCC 
and  HCP  metallic  films  are  summarized  in  Appendix  4.  As  an  example,  for  Ni  films  grown  at 
500  °K,  the  range  for  2  is  from  2  nm  to  5  4m.  Clearly,  therefore,  the  growth  parameters  can  be 
chosen  so  as  to  minimize  or  maximize  the  effect  of  creep  strain  rate  for  a  given  film  thickness  in 
the  micron  or  submicron  range. 

Another  consequence  of  this  analysis  is  that  grain— boundary  diffusion  is  most  important 
for  thin  films,  or  in  the  early  stages  of  film  growth  when  the  film  thickness  is  low.  As  a  result, 
the  stress  in  the  film  is  low  near  the  film/substrate  interface  and  high  near  the  film's  free 
surface,  so  that  the  average  stress  in  the  film  (which  is  often  measured  by  monitoring  the  radius 
of  curvature  of  the  supporting  substrate)  is  a  diminishing  function  of  the  film  thickness. 
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2.3  CRACKING  OF  THIN  FILMS 


Recent  experiments  have  shown  that  the  mechanical  strength  of  nominally  brittle 
components  can  be  greatly  enhanced  by  thin  films  which  are  in  a  state  of  residual  compression. 
Several  such  experiments  have  been  summarized  in  Appendices  5  and  6  where  references  can 
also  be  found. 

The  films  need  not  be  distinct  from  the  substrate  itself.  As  an  alternative  example,  ion- 
exchange  in  glass  components  can  be  used  to  significantly  improve  the  strength  of  glass.  For 
example,  three  different  fracture  experiments  had  been  conducted  at  the  University  of  Rochester 
on  phosphate  glasses  whose  mechanical  strength  was  improved  by  ion-exchange.  The  first 
geometry  involved  small  disks  (diameter  of  20  mm,  thickness  of  3  mm),  and  the  second 
geometry  was  that  of  squat  cylinders  (diameter  6.4  mm,  height  6.4  mm).  These  two  geometries 
were  tested  in  thermal  shock  tests,  and  a  finite  element  analysis  was  performed  in  ordei  to 
correlate  the  temperature  drop  at  fracture  to  the  magnitude  of  the  resulting  thermal  stresses.  For 
the  unstrengthened  specimens,  the  fracture  strength  was  thus  estimated  to  be  about  25  MPa, 
whereas  for  the  strengthened  specimens  it  was  about  135  MPa. 


a 

The  third  geometry  was  that  of  rectangular  slabs  (8X15X160  mm*’)  which  were 
thermally  pumped  to  failure.  Appendix  5  contains  the  details  of  the  stress  calculations.  A  finite 
element  analysis  again  correlated  the  thermal  power  input  to  the  resulting  thermal  stresses  under 
steady-state  thermal  pumping.  It  was  found  that  the  unstrengthened  specimens  had  a  fracture 
strength  of  19-23  MPa,  whereas  after  ion-exchange  the  strength  was  improved  to  about  110 
MPa.  The  conclusion  from  such  tests  was  that  ion-exchange  can  greatly  improve  the  apparent 
fracture  toughness  of  brittle  glass  by  imparting  an  average  compressive  surface  stress  of 
approximately  90-1 10  MPa  for  phosphate  glass.  The  value  of  the  average  compressive  stress 
was  correlated  to  the  amount  of  the  average  dilation  (due  to  the  ion-exchange)  which  was  found 
to  be  about  0.0034.  Independent  measurements  of  the  ion  concentration  at  the  surface  of  the 
glass  and  of  the  thickness  of  the  ion-exchange  layer  (50-60  )un)  were  in  good  agreement  with 
the  analytical  predictions. 

The  idea  of  strengthening  was  further  examined  by  examining  the  shielding  iiiq>arted  to  a 
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surface  crack  by  two  individual  nearby  spots  which  undergo  a  volume  expansion  (Appendix  6). 
The  expanding  spots  were  further  arranged  in  the  form  of  a  film  perpendicular  to  the  crack 
plane.  It  was  found  that  the  location  of  the  film  with  respect  to  the  crack  front  is  an  important 
parameter  in  determining  the  shielding  due  to  the  film.  When  the  film  is  ahead  of  the  crack 
front,  it  does  not  provide  any  shielding;  It  is  only  when  the  crack  firont  traverses  the  film  that  a 
shielding  is  induced.  This  clearly  shows  that  only  the  part  of  the  film  that  is  already  cracked 
contributes  to  shielding. 

This  idea  was  expanded  to  include  crack  growth  resistance  curves  by  plotting  the  amount 
of  crack  tip  shielding  AK  vs.  the  crack  length  a.  It  was  found  that  for  two  typical  film  stress 
distributions  (either  exponentially  decaying  from  the  sample's  free  surface,  as  in  the  case  of 
ion-exchange,  or  constant  over  the  film  thickness,  as  in  the  case  of  physically  distinct  films) 

AK  reaches  a  maximum  when  the  crack  length  is  equal  to  the  length  scale  characterizing  the  film 
stress  distribution,  and  slowly  decays  for  greater  crack  sizes.  Thus,  the  maximum  shielding 
effect  is  imparted  when  the  crack  reaches  the  interface  of  the  film  and  the  substrate. 
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3.  THERMOMECHANICS  OF  THIN  FILMS 


In  the  work  described  above,  it  has  been  assumed  that  the  mechanical  properties  of  thin 
films  are  independent  of  temperature,  and  that  there  is  no  coupling  between  the  thermal  and 
mechanical  response  of  the  thin  film.  However,  there  are  many  technological  applications  where 
there  is  a  very  strong  interplay  between  the  thermal  and  the  mechanical  properties  of  the  film,  so 
that  it  is  more  convenient  to  think  of  the  thermomechanical  properties. 

Three  primary  examples  of  technological  areas  where  the  thermomechanical  properties  of 
thin  films  are  of  paramount  importance  are  microelectronic  circuits  (Maldonado,  1990), 
magneto-optical  recording  devices  (Bartholomeusz,  1989;  Evans  and  Nkansah,  1988;  Halley 
and  Midwinter,  1987;  Koyanagi  et  al.,  1989),  and  laser  damage  in  optical  films  and  multilayers 
(Guenther  and  Mclver,  1988;  Lange  et  al.,  1984,  1985;  Lowdermilk  and  Milam,  1981;  Walker 
et  al.,  1981a,  1981b). 

In  microelectronic  design,  the  removal  of  ;he  generated  heat  due  to  the  power  consumed 
is  controlled  by  the  thermal  properties  of  the  electronic  package  which  often  involve  a  variety  of 
thin  films. 

In  magneto-optical  recording  the  write  process  is  achieved  by  the  localized  heating  of 
the  recording  medium  by  a  laser  beam.  The  size  and  spacing  of  the  written  bits,  and  thus  the 
density  of  information  that  may  be  stored,  is  controlled  by  the  thermal  conductivity  of  the 
recording  medium. 

In  laser  damage  of  optical  films,  which  is  due  to  the  localized  absorption  of  the  incident 
radiation  by  submicron  inhomogeneities  embedded  within  the  otherwise  non-absorbing  film,  the 
damage  resistance  (the  areal  energy  density  at  failure,  defined  as  the  level  of  energy  at  which  the 
inhomogeneity  melts)  is  directly  related  to  the  thermal  conductivity  of  the  thin  film  within  which 
the  absorbing  inclusion  is  embedded.  The  energy  density  at  damage  for  inhomogeneities 
embedded  in  infinite  matrices  (Hopper  and  Uhlmann,  1970;  Lange  et  al.  1984, 1985)  has  been 
found  from  the  work  of  Goldenberg  and  Tranter  (1952)  as 
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E,  ~  Tc  Vp  c  k  tp  (3.1) 

where  is  the  melting  point  of  the  inclusion,  p,  c,  k  are  the  density,  specific  heat,  and  thermal 
conductivity  of  the  host  material,  and  tp  is  the  laser  pulse  duration. 

Other  references  of  technological  interest  where  the  thin  film  thermal  conductivity  is 
important  can  be  found  in  Appendices  7,  8,  and  9. 

In  this  part  of  the  reported  work,  we  describe  the  experimental  technique  which  was 
used  for  the  measurement  of  the  thermal  conductivity  of  thin  films  (Lambropoulos  et  al.,  1989), 
and  the  implications  of  such  measurements  for  laser  damage. 
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3.1  THERMAL  CONDUCTIVITY  OF  THIN  FILMS 


The  analysis  and  measurement  of  the  thermal  conductivity  of  thin  dielectric  films  for 
optical  applications  was  motivated  from  the  Laboratory  for  Laser  Energetics  at  the  University  of 
Rochester.  The  measurement  is  done  by  using  the  thermal  comparator  technique,  whereby  a 
heated  tip  (typically  20  °C  above  ambient)  is  brought  into  contact  with  the  free  surface  of  a  thin 
film  deposited  onto  a  substrate.  The  resulting  temperature  drop  of  the  tip  is  directly  related  to 
the  combined  thermal  conductivity  k^^pp  of  the  film/substrate  assembly  which  involves 
contributions  from  the  film  itself  (thermal  conductivity  kp),  the  film/substrate  interface  (thermal 
resistance  R^^j)  and  the  substrate  (thermal  conductivity  k^^^).  The  measurement  and  the  analysis 
required  to  extract  the  thermal  conductivity  kp  of  the  film  from  the  measured  is  described 
in  great  detail  in  Appendix  7  for  isotropic  films  in  which  the  in-plane  and  out-of-plane  thermal 
conductivities  are  equal. 

Since  the  original  publication  of  the  work  in  1989  many  other  thin  films  have  been 
examined,  including  oxides,  nitrides,  fluorides,  amorphous  metals,  and  superconductors  Shaw- 
Klein  et  al.,  1991;  Shaw-Klein,  1992),  The  main  result  has  been  that  the  thermal  conductivity 
of  thin  films  may  be  up  to  two  orders  of  magnitude  lower  than  the  conductivity  of  the 
corresponding  bulk  solid.  Table  1  shows  the  ranking  of  the  film  thermal  conductivity  with 
respect  to  bulk  solids,  and  Table  2  summarizes  the  results  of  the  measurement  of  the  thin  film 
thermal  conductivity.  Further  results  can  be  found  in  Appendix  7. 
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table  1:  Thermal  conductivity  of  selected  bulk  and  film  materials 


Materials 

k(W/m-K) 

Diamond  (I  and  H) 

1200-23(X) 

Cu  (polycrystalline) 

200-500 

Si  (single  crystal) 

150 

AI2O3  (single  crystal) 

35 

AI2O3  (sintered) 

20 

Many  oxides  and  fluorides, 

bulk  solids 

1.0  to  10 

Oxide  and  fluoride  films, 

nominally  1  ^m  thick 

0.05  to  1.0 

Air 

0.025 
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TABLE  2:  Measured  thermal  conductivity  of  various  thin  films 


Film 

Microstructure 

Thickness 

(Jim) 

*^bulk 

(W/  m-K)  (W/  m-K) 

Si02 

Amorphous 

0.50-2.0 

0.4-1. 1 

1.2-10.7 

Ti02 

- 

0.50-2.0 

0.5-0.6 

7.4-10.4 

'ZiO'2^ 

- 

0.15-0.47 

0.04 

AI2O3 

- 

0.17-0.46 

0.72 

20-46 

MgF2 

- 

0.21-0.58 

0.58 

15-30 

AIN 

Dense, 

<0.15 

0.5 

70-180 

polycrystalline 

0.25-1.0 

16 

Tb-Fe  compound 

dense,  amorphous 

0.25-1.0 

5.3  (II) 

30-^0 

7.0  (1) 

Tb-Fe  compound 

columnar. 

0.25-1.0 

0.3  (II) 

amorphous 

4.3  (1) 

YBa2Cu307 

crystalline 

0.25-1.0 

0.1-0.2 

8-10 

Notice  that  (II)  denotes  the  conductivity  parallel  to  the  film,  and  (X)  perpendicular  to  the  film. 
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3.2  FILM  THERMAL  ANISOTROPY 

AND  INTERFACIAL  THERMAL  RESISTANCE 


An  interesting  feature  of  the  thermal  conductivity  of  thin  films  is  that  it  is  often 
anisotropic,  so  that  the  conductivity  in  the  plane  of  the  film  k||  is  different  firom  the  thermal 
conductivity  perpendicular  to  the  plane  of  the  film  kj^.  This  anisotropy  may  be  due  to  the 

anisotropic  crystallography  of  the  film  itself,  or  due  to  the  film  microstructure  that  develops 
during  deposition.  For  example,  Shaw-Klein  (1992)  has  recently  measured  the  thermal 
conductivity  of  superconducting  YjBa2Cu3C>7_g  films.  It  was  found  that  both  k||  and  kj^  were 

considerably  lower  than  the  corresponding  bulk  single  crystal  values,  and  that  a  significant 
anisotropy  existed  in  the  thin  films  with  kj^<*:  k||. 


Shaw-Klein  (1992)  has  also  measured  the  thermal  conductivity  of  amorphous  films  of 
rare-earth  transition  metals  used  in  magneto-optic  recording.  The  film  thickness  was  in  the 
range  0.25-1  }J.m,  and  the  substrate  was  fused  silica.  When  the  films  were  deposited  at  low 
pressures,  SEM  analysis  showed  that  the  film  microstructure  did  not  exhibit  any  significant 
anisotropy,  and  measurement  of  the  in-plane  (k||)  and  out-of-plane  (kj^)  thermal  conductivities 
showed  that  the  film  was  approximately  isotropic  with  k||  /  kj^=0.7.  At  higher  deposition 
pressures,  the  films  exhibited  the  characteristic  columnar  microstructure,  and  a  significant 
anisotropy  in  the  thermal  conductivity  developed,  with  k||  /  kj^  approximately  equal  to  0.07. 

In  the  work  of  Shaw-Klein  et  al.  the  in-plane  thermal  conductivity  was  determined  by 
measuring  the  electrical  in-plane  resistivity  and  converting  to  electronic  theimal  conductivity  via 
the  Wiedemann-Franz  law.  The  phonon  contribution  to  the  thermal  conductivity  was  estimated 
and  added  to  the  electronic  contribution  to  yield  k||.  The  thermal  conductivity  normal  to  the  plane 
•of  the  film  kj^  was  measured  with  the  thermal  comparator  method.  It  is  thus  clear  that, 
(depending  on  the  film  material,  anisotropy,  and  microstructure,  the  film's  thermal  anisotropy 
may  be  such  that  k||  /  kj^»l  or  k||  /  kj_«l . 


Another  interesting  feature  of  film  thermal  conductivity  is  that  a  considerable  amount  of 
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interfacial  thermal  resistance  may  develop  between  the  film  and  the  substrate  (Cahill  et  al.  1989; 
Swartz,  1987;  Swartz  and  Pohl,  1987,  1989).  The  existence  of  an  interfacial  thermal  resistance 
implies  that  the  temperature  is  not  continuous  across  the  film/substrate  interface,  and  that  the 
amount  of  temperature  discontinuity  is  linearly  related  to  the  power  flux  per  unit  area  through 
the  interfacial  thermal  resistance.  For  example,  the  measurements  of  Lambropoulos  et  al. 
(Appendix  7)  on  a  wide  variety  of  oxide  and  fluoride  films  with  thickness  in  the  submicron 
range  may  be  as  large  as  3  mm^  K/W  when  deposited  on  single  crystal  Si  or  sapphire 
substrates. 

More  recently,  Kuo  (ongoing  work  at  the  University  of  Rochester,  1991-92, 
unpublished)  has  measured  the  interfacial  thermal  resistance  between  thin  films  of  amorphous  Si 
(with  thickness  from  0.25  to  1.8  p.m)  deposited  on  single  crystal  Si  substrates.  Kuo's  technique 
did  not  involve  any  contact  with  the  film's  free  surface,  but  relied  on  the  local  swelling  in  the 
surface  of  the  film  when  a  laser  beam  of  known  power  illuminated  the  surface.  Kuo  found  that 
when  the  Si  films  were  deposited  on  the  as-received  Si  substrates,  the  interfacial  thermal 
resistance  was  approximately  0.6  mm^  K/W.  When  the  Si  substrate  was  cleaned  with  an  ion 
beam  before  film  deposition,  the  interfacial  thermal  resistance  dropped  to  about  0.2  mm^  K/W. 
For  comparative  purposes,  we  mention  that  the  thermal  resistance  of  a  l-|i.m  thick  layer  of 
Si02  (with  thermal  conductivity  of  10  W  m“‘  K"')  would  be  0.1  mm^  K/W.  It  is  thus  clear  that 
the  interfacial  thermal  resistance  between  a  film  and  a  substrate  may  be  considerable.  There  are 
cases,  however,  when  the  interfacial  thermal  resistance  is  much  lower.  For  example,  the 
analysis  of  the  data  for  the  rare-earth  transition-  metal  amorphous  films  studied  by  Shaw-Klein 
(1992)  showed  that  the  interfacial  thermal  resistance  was  several  orders  of  magnitude  lower  than 
the  values  quoted  above. 

This  section  of  the  report  discusses  the  effective  thermal  conductivity  due  to  an 
anisotropic  film  which  is  bonded  to  a  substrate  via  an  imperfect  interface  which  is  characterized 
by  its  interfacial  thermal  resistance.  The  effective  thermal  conductivity  due  to  the  film  and  the 
substrate  is  determined  for  a  wide  range  of  ratios  of  (1)  film  to  substrate  thermal  conductivity, 
(2)  film  thickness  to  heat  flow  radius,  (3)  interfacial  to  substrate  thermal  resistance,  and  (4)  film 
thermal  anisotropy.  For  the  limiting  case  of  small  interfacial  thermal  resistance,  analytical 
expressions  are  derived  for  the  dependence  of  the  effective  thermal  conductivity  on  these  ratios. 
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It  is  also  shown  that  for  arbitrary  amounts  of  thermal  anisotropy  in  the  film,  an  equivalent 
thermally  isotropic  film  can  be  deduced  with  an  equivalent  thickness  depending  on  the  degree  of 
anisotropy  and  the  actual  film  thickness,  and  an  equivalent  thermally  isotropic  conductivity 
which  is  the  geometric  mean  of  the  in-plane  and  out-of  plane  film  thermal  conductivities. 
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3.2.1  TEMPERATURE  DISTRIBUTION 

Consider  a  film  of  thickness  t  bonded  to  a  senoi-infinite  substrate  as  shown  in  Fig.  1. 
The  film  is  thermally  anisotropic,  with  thermal  conductivity  normal  to  the  film-substrate 
interface,  and  thermal  conductivity  k||  parallel  to  the  interface.  The  substrate  has  the  isouropic 
thermal  conductivity  k2.  Under  steady-state  conditions,  the  temperature  TjCr,  z)  in  the  film 
satisfies 


(3.2  a) 


whereas  in  the  substrate  the  temperature  T2(r,  z)  satisfies 


8^T2  I  1  ^^2  ,  9^T2\ 
>2  r  ar  3^2  j 


=  0, 


0<r<«>,  t<z 


(3.2  b) 


where  (r,  z)  are  cylindrical  coordinates,  with  z=0  at  the  film’s  fi’ee  surface.  The  boundary 
conditions  along  the  film-substrate  interface  are 


aTi  _  8T2 


8z 


R 


int 


Vr,  z  =  t 
Vr,  z  =  t 


(3.3) 


where  the  first  of  (3.3)  expresses  the  continuity  of  power  flux,  and  the  second  approximates  the 
temperature  discontinuity  at  the  interface  which  is  proportional  to  the  interfacial  thermal 
resistance  Notice  that  if  Rjnt^’  temperature  is  continuous  at  the  interface.  If 

R^j^oo  then  the  interface  is  thermally  insulated.  In  the  case  of  the  isotropic  film  and  in  the 
absence  of  any  interfacial  thermal  resistance,  the  surface  temperature  distribution  has  been 
calculated  by  Dryden  (1983). 

No  attempt  will  be  made  to  predict  the  value  of  the  interfacial  resistance  Rjj^j.  For  a  first 
principles  calculation  of  Rjj,j  and  its  dependence  on  temperature,  especially  at  low  temperatures 
(typically  less  than  100-200  K),  the  reader  is  refeired  to  the  work  of  Cahill  et  al.  (1989),  and 
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Swartz  and  Pohl  (1987,  1989).  In  the  sequel  will  be  treated  as  a  phenomenological 
parameter  describing  the  film/substrate  interface.  However,  interfacial  microstructural  effects  on 
will  be  discussed  later  on  in  this  report. 


At  the  free  surface  of  the  film  (z?=0)  it  is  assumed  that  there  is  a  prescribed  power  flux 


so  that 


q(r),  0<r<a 
9z  0,  a  <  r 


The  radius  a  over  which  heat  flow  occurs  is  called  the  thermal  contact  radius.  It  is  also  assumed 


thatTj,  T2  ->  0  as  (r2+z2)l/2 


The  problem  is  solved  by  using  Hankel  transforms  of  order  zero.  The  transforms  of  the 
temperature  distributions  T  j  and  T2  are  then  given  by 

Ti(>.,  z)  =  A(X)  exp(Xpz)  +  B(X)  exp(-Xpz) 

(3.5) 

T2(X,  z)  =  C(X)  exp(-Xz) 

where  the  relative  thermal  anisotropy  P  is  defined  as 


P  =  Vkii/kj^ 


In  particular,  if  the  power  flux  distribution  q(r)  of  eqn  (3.4)  is 

q(r)= - rf=f 

2  7t  a  Va2  -  r2 


(3.7) 


so  that  the  total  power  flowing  through  the  area  Jta^  at  z=0  is  Q,  then  the  constants  A,  B,  C  of 
eqn  (3.5)  are  found  by  imposing  the  boundary  conditions  of  eqn  (3.3)  and  (3.4).  They  are 
given  by 
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A^) 

B(>.)  j  =  X 
C(X) 


'  -  exp(-2Xpt)  jl  - (1  +  X  k2  Rint) 

(l+Xk2Ri„t) 

^  2  exp(-X(p-l)t) 


Q  sin  (aX) 

_ 2Vk||/kj^7ia  _ 

1+  exp(-2Xpt)  +  ISI  (l-exp(-2Xpt))  (  1  +  X  k2  Ri^  ) 
k2 


The  temperature  in  the  film  is  now  found  by  inverting  the  Hankel  transform,  so  that 


Jo 


Ti(X,  z)  Jo(Xr)  X  dX 


Jq  being  the  Bessel  function  of  the  first  kind  and  of  order  zero. 

The  analytical  treatment  of  heat  flow,  from  a  circular  region  of  radius  a  on  the  surface  of 
a  semi-infinite  half-space  of  uniform  conductivity  k,  can  be  found  in  Carslaw  and  Jaeger 
(1959),  where  the  thermal  constriction  is  defined  as  the  ratio  of  temperature  increase  to  the 
power  flowing  through  a  spot  of  size  a  (see  also  Dryden,  1983).  We  define  the  thermal 
resistance  R  in  a  slightly  different  manner,  as 


R  =  -^ 
Q/A 


(3.10) 


where  AT  is  the  average  change  in  temperature  ovc.  the  area  A=Jia^  of  the  circle  of  radius  a  as 
compared  to  the  temperature  of  the  half-space  far  from  the  heated  spot,  and  Q  is  the  net  power 
passing  through  A.  The  thermal  resistance  can  be  calculated  if  the  distribution  of  power  flux 
q(r)  (power  per  unit  area)  is  known  over  0<r<a.  Fot  the  specifrc  power  flux  q(r)  given  by  eqn 
(3.7),  which  also  makes  the  circle  of  radius  a  isothermal,  the  thermal  resistance  for  the 
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homogeneous  half-space  is 


R  =  ^  A 
4  k 


(3.11) 


For  the  case  of  the  anisotropic  film  bonded  to  the  substrate  via  the  imperfect  interface 
characterized  by  the  thermal  resistance  is  calculated  by  first  finding  the  average  temperature 
over  the  circle  of  radius  a  at  the  film's  free  surface  which  is  not  isothermal  anymore.  Thus, 


T  -^r 


Ti  (r,  z=0)  2  )t  r  dr 


(3.12) 


with  the  temperature  Tj  in  the  film  given  by  eqn  (3.9).  The  thermal  resistance  is  then  calculated 
via 


R  = 


'I’ave 


Q/(7ia2) 


(3.13) 


Using  eqns  (3.8)  and  (3.9),  the  thermal  resistance  is  thus  found  as 


Vk||  k. 


g(4,  iW^/k2,  P  t/a,  p)  d^ 


g(^  k  H  p)  r  K  (l+  exp(-2^))  ( 1+  ^  p ) 

1+  exp(-2^)  +  K  (l-exp(-2^))  {  1  +  ^  p  ) 


(3.14) 


where  we  have  denoted  the  non-dimensional  interfacial  thermal  resistance  p  by 


p 


(3.15) 


On  the  other  hand,  if  the  half-space  were  homogeneous  with  an  apparent  thermal 
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conductivity  the  themal  resistance  would  be  given  by 


r  =  il  _a 

4  k, 


(3.16) 


app 


Equating  (3.14)  and  (3.16)  we  thus  find  the  apparent  thermal  conductivity  k^^pp  as 


=  IlSli!Llc3(4.Vkirk:/kj,|5t/a,p)d^  (3.17) 

kapp  Vkiikl 

Eqn  (3.17)  clearly  shows  that  the  original  anisotropic  film  of  thickness  t  and  thermal 
conductivity  kj^  normal  to  the  film-substrate  interface,  and  thermal  conductivity  k||  parallel  to 

the  interface,  is  equivalent  to  an  isotropic  film  with  equivalent  thickness  tg^  and  equivalent 
thermal  conductivity  k^^  given  by 

=  =  t  ,  k«,  =  in^  (3.18) 

Thus,  the  apparent  thermal  conductivity  is  given  by 


JE2_=  4  1 

kapp  ^  ^ 


Ji(^)  sin^ 


<3(5,  K,  H,  p) 


K  = 


^  _  Vk||  kj^ 

k2  k2 


i 

a 


(3.19) 


with  the  function  G  given  by  eqn.  (3.14). 

It  is  the  apparent  thermal  conductivity  k^^pp  that  the  thermal  comparator  directly 
measures.  Eqn  (3.19)  shows  that  the  measured  k~-  depends  on  the  film's  thermal  properties 
and  thickness,  on  the  substrate  thermal  conductivity  k2.  on  the  non-dimensional  interfacial 
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thermal  resistance  p,  and  on  the  heat  flow  radius  a.  The  substrate  thermal  properties,  the  film 
thickness  t,  and  the  heat  flow  radius  a  can  be  independently  measured  or  estimated,  so  that  eqn 

(3.19)  essentially  relates  the  film  thermal  conductivity  k„  to  the  measured  k_„  and  to  the 

cq  app 

interfacial  thermal  resistance  p  which  characterizes  the  microstmcture  of  the  film/substrate 
interface. 

The  integral  in  eqn.  (3.19)  was  computed  numerically  by  using  version  1.2  of 
Mathematica.  The  results  are  shown  in  Figs  2A-E.  In  these  figures,  the  horizontal  axis  is  the 
reduced  equivalent  film  thickness  tgq/a,  with  tg^  related  to  the  acmal  film  thickness  t  via  eqn 

(3.19) ,  and  the  vertical  axis  is  the  inverse  of  the  apparent  thermal  conductivity  of  the  film 

measured  with  respect  to  the  conductivity  k2  of  the  substrate.  It  is  clear  from  these  figures  that 
the  ratio  **  ^  strong  function  of  the  film  thickness  t,  of  the  anisotropy  ^^11  /  and  of 

the  non-dimensional  interfacial  thermal  resistance  p.  The  limiting  cases  of  thin  or  thick  films, 
and  of  small  or  large  p  will  be  discussed  in  the  next  section,  since  in  these  cases  the  integral  of 
eqn  (3.19)  can  be  further  simplified. 

Figs  2A-E  clearly  show  that  as  tg^/a  -»oo,  then  kj^pp-^kg^  s  (k||  /  kj.)  V2  xhis 
observation  suggests  the  possibility  of  measuring  a  compound  thermal  conductivity  for  bulk 
crystals  with  orthotropic  symmetry.  Such  examples  include  YjBa2Cu307_§  bulk 
superconducting  ceramics  or  crystals  of  hexagonal  symmetry  (such  as  graphite,  Zn,  or  Cd) 
oriented  so  that  the  z  axis  of  Fig.  1  is  parallel  to  the  crystal’s  c-axis,  and  fiber-reinforced 
solids  with  the  fibers  pointing  along  the  z  axis.  In  these  cases,  or  for  very  thick  coatings,  it  is 
seen  that  both  the  parallel  (k||)  and  perpendicular  (kj^)  components  of  thermal  conductivity 

contribute  to  the  resulting  heat  flow  patterns  and  to  the  measured  apparent  thermal  conductivity 
kapp-  It  is  also  clear  that  the  effect  of  the  non-dimensional  interfacial  thermal  resistance  p  is 
very  small  when  t  »a,  implying  that  thick  coatings,  as  expected,  are  not  sensitive  to  the 
presence  of  the  interface. 

For  thin  films  (say,  tg^/a^.l),  on  the  other  hand,  it  is  clear  that  the  apparent  thermal 
conductivity  kj^pp  is  a  strong  function  of  the  interfacial  thermal  resistance  p.  For  very  thin  films 
*^2/^app  **®P«nds  weakly  on  kgq/k2  for  insulating  films  (kgq/k2^.I)  and 
depends  mainly  on  the  non-dimensional  thermal  resistance  p.  Also  for  insulating  films,  and  for 
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small  values  of  p  (say,  p<l),  k^pp  is  near  the  substrate  ^2  and  the  presence  of  the  film  leads  to 
a  perturbation  from  k2.  In  this  case,  ^2^^a.pp  weakly  on  p  and  changes  by  not  more 

than  a  factor  of  2  for  all  film  thicknesses  as  p  changes  from  0  to  1.  However,  for  large  values 
of  p,  ^2/^^pp  **  approximately  equal  to  p,  or  kj^pp=a/Rjj^j,  so  that  the  measured  apparent 
conductivity  k^pp  is  dominated  by  the  presence  of  the  interface. 

As  discussed  in  the  introduction  (see  also  Table  2),  thin  films  are  insulating  so  that  Figs 
2A  and  2B  are  applicable  to  such  thin  films  deposited  on  relatively  conducting  substrates  (for 
example,  at  room  temperature  Si  with  k2=150  W/m-K,  sapphire  with  k2=35  W/m-K,  or  MgO 
with  k2=35  W/m-K).  For  more  insulating  substrates  (for  example  fused  Si02  with  k2=1.4 
W/m-K  at  room  temperature)  Fig.  2C  is  applicable. 

Figs  2  A  and  2B  also  show  that  for  insulating  films  (kgq/k2<0.1)  a  value  of  the 

interfacial  thermal  resistance  exists  which  makes  the  measured  k„„,,  essentially  insensitive  to  the 

app 

film  thickness  for  tgq/a>0.001.  For  example,  for  kgq/k2=0.01  the  value  p=l()0  makes  k^pp 
change  from  the  film's  kg^  by  less  than  20%  for  this  range  of  film  thicknesses.  For 
keq/k2^.  1  the  special  value  of  p  is  about  p=10.  This  value  also  makes  k^pp  stay  to  within 
20%  of  kgq.  Clearly,  the  value  of  p  which  makes  k^^pp  independent  of  tgq/a  is  approximately 
equal  to  k2/kgq  for  insulating  films,  or,  equivalently  Rjnt^^Aeq'  ^^us,  by  choosing 
R^j=a/kgq,  the  apparent  thermal  conductivity  k^pp  can  be  made  approximately  equal  to  the 
film’s  kgq  for  any  film  thickness  and  any  value  of  the  substrate  conductivity  k2  as  long  as  the 
substrate  is  more  conducting  than  the  film  (which  is  the  usual  case,  as  Table  2  indicates). 
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Z 


FIGURE  1 :  The  geometry  of  an  anisotropic  thin  film 
(thermal  conductivity  parallel  to  film  and 

perpendicular  to  film).  Equivalently,  the  film  is 
thermally  isotropic  with  thermal  conductivity  k^^ 
and  thickness  The  heat  flux  is  specified  by 

the  function  f(r),  and  a  is  the  heat  flow  radius. 
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'^2 !  K. 


FIGURE  2, 


continued 


-36- 


3.2.2  LIMITING  CASES 

(A)  Small  interfacial  thermal  resistance,  thin  film 

The  function  G(^,  K,  H,  p)  of  eqn  (3.19)  is  expanded  in  series  about  p=0,  and  the  first 
two  terms  are  kept.  For  thin  coatings  (H£tgq/a«l)  the  result  is 

^  =  1 ..  4  H  hlf  .  32j2;  h;/2  W  +  o(h«) 

kapp  7t  K  3  7C  K  2QJ 

+  p^jl  -4VIH*/2  +  M]£1  +  o(h5/2)1 

k2-1  k2-1  I 

where  the  functions  fjCK)  and  f2(K)  of  )CHkgq/k2^*^N /kj.)^/^  are  shown  in  Fig.  3.  It  is  seen 
that  for  an  insulating  film  with  respect  to  the  substrate  (k<1)  these  functions  have  a  small  value, 
but  they  attain  much  larger  values  when  the  film  is  more  conducting  than  the  substrate. 

Eqn  (3.20)  clearly  shows  that  in  this  limiting  case  of  thin  films  with  small  interfacial 

resistance  the  effect  of  the  film  and  of  the  film/substrate  interface  is  to  perturb  the  measured 

thermal  conductivity  k^pp  from  the  substrate  thermal  conductivity  k2.  For  isotropic  films,  the 

term  proportional  to  H  on  the  RHS  of  eqn  (3.20)  is  in  agreement  with  the  results  of  Dryden 

who  did  not  directly  calculate  k„„„  but  the  total  thermal  resistance  due  to  a  thin  film  bonded  to  a 

app 

substrate  via  a  perfect  interface. 
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(B)  Small  interfacial  thermal  resistance,  thick  film 


When  k^pp  is  more  conveniently  measured  with  respect  to  the  film  thermal 


conductivity  kgq  =(i^ll  /  The  result  is 


Vk||  k 


1  +  -^\n^ - 2_  f3(K)  +  CXH-4) 


s-app 


7t  2  24  Jt  H3 


+  P 


f3(K)  +  0(H-4)’ 


,(3.21) 


TtH^  K^-l  2  16H2k2-1 


where  the  function  f3(K)  is  shown  in  Fig.  3. 


FIGURE  3:  The  functions 
±2  and  required 
for  thin  films. 
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3.3  MICROSTRUCTURAL  EFFECTS 

IN  FILM  THERMAL  CONDUCTIVITY 


To  understand  the  basic  physical  mechanisms  that  diminish  the  thermal  conductivity  of 
Siin  films  as  compared  to  the  bulk,  we  have  considered  continuum  effects  (such  as  porosity, 
>see,  for  example,  Brailsford  and  Major,  1964;  Budiansky,  1970;  Torquato,  1991;  or  interfacial 
tfiiermal  resistance  among  grains)  and  quasi-particle  effects  involving  phonon  scattering 
(Klemens,  1955,  1958,  1969;  Reissland,  1973).  In  thin  films  phonons  can  be  scattered  by  other 
phonons  (Umklapp  processes),  or  by  microstructural  inhomogeneities  such  as  dislocations, 
sacking  faults,  chemical  inhomogeneides  or  boundaries  such  as  the  film/substrate  interface.  An 
imidal  analysis  of  such  effects  is  presented  in  Appendix  9,  where  AIN  has  been  used  as  a 
nepresentative  material. 

The  main  conclusion  is  that  all  these  microstructural  features  lead  to  reduced  film  thermal 
conductivity.  However,  the  same  mechanisms  will  lead  to  similar  reductions  in  bulk  materials 
dharacterized  by  the  same  microstructure  as  the  thin  films.  The  only  mechanism  that  leads  to  a 
(impendence  on  the  film  thickness  of  the  film  thermal  conductivity  is  scattering  from  the  film  free 
SBirface  or  the  film/substrate  mechanism.  This  dependence  is  analyzed  below. 

The  Debye  theory  of  specific  heat  (Reissland,  1973)  can  be  used  to  derive  an  expression 
for  the  thermal  conductivity  k^  of  a  material  in  which  the  primary  mcxle  of  heat  transfer  is  via 
prfionons.  The  result  is 


ko 


2^2v  \h/27t/ 


f(x)  = 


(e*-l)2 


JreD/T 

I  dx  T(x)  x2  f(x) 
0 

X5h«i2n 

kfiT 


(3.22) 


wfiere  kg  is  Boltzmann's  constant,  v  is  the  velocity  of  sound  in  the  material,  h  is  Plank's 
ccmstant,  T  is  the  absolute  temperature,  is  the  Debye  temperature,  t  is  the  relaxation  time 
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(related  to  the  phonon  mean  free  path  £  by  T=Vv),  and  (o  is  the  phonon  frequency. 

For  a  perfect  crystal  of  infinite  extent  the  main  scattering  of  phonons  is  due  to  Umklapp 
processes  (U-processes),  so  that 


V 


expjpep/T)  I  L 
Ax^T”  x^ 


L  =  Lo 


exp(P  /  <)) 

a" 

4» 


(3.23) 


Lq,  n,  and  P  are  material  constants  which  can  be  extracted  from  the  dependence  on 
temperature  of  the  thermal  conductivity  of  the  bulk  single  crystal.  Table  3  summarizes  data  for 
several  different  classes  of  solids  such  as  single  elements,  oxides,  nitrides  and  arsenides.  The 
corresponding  dependence  of  the  length  scale  L  on  temperature  T  (normalized  with  respect  to 
the  Debye  temperature  0j))  is  shown  in  Fig.  4.  It  is  important  to  note  that  L  (which  is 
independent  of  the  phonon  frequency  (o  or  x)  is  not  the  phonon  mean  free  path.  Also  note  that 
the  length  scale  L  is  temperature  dependent. 


Thin  deposited  films  have  a  characteristic  microstructure  consisting  of  grains  (grain  size 
D)  in  addition  to  the  film  thickness  H.  In  this  case,  the  total  scattering  time  x  is  found  by 
adding  the  scattering  rates  due  to  the  Umklapp  processes,  the  grain  structure  of  the  film,  and  the 
film  thickness,  so  that 


i 

t 


(3.24) 


In  this  way,  the  ratio  of  the  thin  film  to  the  single  crystal  bulk  conductivity  is  found  to  be 
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ko 


H  D 


JrGD/T 
0 


dx  f(x) 


f(x) 


(3.25) 


Fig.  5  shows  the  dependence  of  k/kQ  (kQ  being  the  thermal  conductivity  of  the  infinite 
perfect  crystal  where  only  Utnklapp  processes  contribute  to  phonon  scattering)  on  the  non- 
dimensional  film  thickness  H/L  for  various  values  of  the  microstructural  variable  D/L  at  several 
different  nondimensional  temperatures  T/Qjy  At  small  film  thickness,  the  film  thermal 
conductivity  is  dominated  by  the  effect  of  the  film  thickness.  At  large  film  thickness,  the  film 
conductivity  becomes  independent  of  the  thickness  and  depends  only  on  the  microstructural 
variable. 


It  is  clear,  therefore,  that  the  film  thickness  is  to  be  compared  to  the  important  length 
scale  L.  This  implies  that  a  film  which  is  thermally  thin  at  a  low  temperature  (compared  to  the 
Debye  temperature  Gj;))  is  not  necessarily  so  at  a  higher  temperature. 
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TABLE  3:  Material  constants  for  the  calculation  of  the  dependence  on  temperature  of 

the  thermal  conductivity  of  single  bulk  crystals.  RT  denotes  room  temperature  of  300  °K.  These 
constants  have  been  calculated  from  the  experimental  k(T)  which  was  found  in  the  following 
references. 

For  Si,  Ge:  C.J.  Glassbrenner  and  G.A.  Slack,  Phys.  Rev.  134,  A1058,  1964. 

For  diamond:  D.T.  Morelli,  C.P.  Beetz,  and  T.A.  Perry,  J.  Appl.  Phys.  64,  3063,  1988;  see 
also  T.R.  Anthony,  J.L.  Fleischer,  J.R.  Olson,  and  D.G.  Cahill,  ibid.  69,  8122,  1991. 

For  GaAs:  F.  Szmulowicz,  F.A.  Madarasz,  P.G.  Klemens,  and  J.  Diller,  J.  Appl.  Phys.  66, 
252,  1989. 

For  AIN;  R.B.  Dinwiddie  and  D.G.  Onn,  Mat.  Res.  Soc.  Symp.  Proc.  Vol.  167,  241,  1990. 
For  MgO:  C.L.  Tsai,  A.R.  Moodenbaugh,  H.  Weinstock,  and  Y.  Chen,  Thermal  Conductivity, 
vol.  16,  139,  ed.  D.C.  Larsen,  Plenum  Press,  1983. 

For  BeO:  G.A.  Slack  and  S.B.  Austerman,  J.  Appl.  Phys.  42,  4713,  1971. 

For  AI2O3:  B.  Schulz,  J.  Nucl.  Mater.  155-157,  348,  1988. 


Material 

V 

(m/s) 

(K) 

n 

P 

A 

d/s-K") 

Lo 

(nm) 

L(RT) 

(nm) 

Si 

6,400 

674 

3 

0.29 

6,050 

3.5 

77 

Ge 

3,940 

395 

3 

0.20 

10,980 

5.8 

17 

C(dia) 

13,200 

2,230 

4 

0.121 

1.31 

0.41 

3,100 

GaAs 

3,860 

370 

3 

0.33 

16,600 

4.6 

13 

AIN 

5,000 

950 

4 

0.17 

10 

0.61 

105 

MgO 

7,000 

945 

3 

0.5 

24,600 

0.34 

51 

BeO 

8,900 

1,280 

4 

0.1125 

3.5 

0.95 

510 

AI2O3 

8,900 

1,000 

3 

0.16 

21,400 

0.42 

26 
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3.4  LASER  DAMAGE  IN  THIN  FILMS 

3.4.1  IMPLICATIONS  OF  LOW  FILM  THERMAL 
CONDUCTIVITY 


The  resistance  to  laser  damage  in  optical  thin  films  is  an  important  consideration  towards 
the  development  of  powerful  solid-state  lasers.  Appendices  8  and  9  summarize  experimental 
data,  and  the  damage  mechanisms  (avalanche  ionization,  multiphoton  absorption,  and  impurity- 
initiated  damage;  see  Walker  et  al.  1981a,  1981b). 

According  to  the  impurity  model,  whose  predictions  for  the  laser  damage  of  bulk  solids 
is  eqn  (3.1),  an  absorbing  inclusion  within  a  non-absorbing  infinite  matrix  is  heated  due  to  the 
absorption  of  the  incident  radiation.  The  high  temperature  within  the  inclusion  leads  to  failure 
when  the  temperature  reaches  some  critical  value.  Further  details  and  references  can  be  found  in 
Appendix  9. 


Here  we  consider  the  effect  of  low  film  thermal  conductivity,  film  thickness,  and  the 
proximity  of  the  inclusion  to  the  film's  free  surface,  see  Fig.  6.  At  time  t^  the  inclusion 
absorbs  power  at  the  rate  q  per  unit  volume,  whereas  the  film  and  the  substrate  do  not  absorb 
any  of  the  incident  radiation.  We  used  finite  elements  to  solve  the  time-dependent  heat 
conduction  equation  assuming  that  the  temperature  and  heat  flux  are  continuous  at  all  interfaces 
and  that  the  film's  free  surface  is  insulated.  The  governing  equations  are 


Inclusion 


kiV^i  +  q  =  (pc)i^  ,  r<R 


Film:  kFV^F=  (pc)F^  .  r>R,  -(H-D)<z<D 

Ch 

Substrate;  ks  V^s  =  (pc)s  ,  z  <  -  (H  -  D) 

di 


(3.26) 


where  z  is  the  axial  coordinate  in  a  cylindrical  system  (r|^,  z)  with  origin  in  the  center  of  the 
inclusion. 
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The  main  result  of  the  numerical  solution  is  that  the  film  thermal  conductivity  kp  plays 
an  important  role  in  determining  the  temperature  at  the  points  A,  B,  and  C  shown  in  Fig.  6  (see 
appendix  9).  Low  film  thermal  conductivity  leads  to  very  high  temperatures  after  a  certain  time 
has  elapsed.  For  typical  material  parameters  and  laser  beam  duration  the  effect  of  the  reduced 
film  conductivity  is  important.  In  effect,  the  reduced  values  of  the  film  thermal  conductivity 
insulate  the  heated  inclusion  so  that  the  temperature  within  and  in  the  vicinity  of  the  inclusion 
rises  significantly  and  it  can  easily  reach  thousands  of  degrees  "K. 


LASER  BEAM 

Energy  E 
per  unit  area; 

Duration  t 
_ point  A _ film  free  surface 

(j)  1“" 

point  C  film/substrate  interface 


substrate  k  ^ 


FIGURE  6:  Ifie  geometry  of  a  thin  film  (non-absorbing), 
containing  an  absorbing  inclusion  and  supported  on  a 
non-eibsorbing  substrate. 
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3.4.2  NONLINEAR  EFFECTS  IN  LASER  DAMAGE 


It  is  clear  from  the  discussion  above  that  the  temperature  in  laser  damage  can  become 
very  large.  It  is  well  known  that  the  thermal  conductivity  of  solids  has  a  strong  temperature 
dependence,  typically  diminishing  with  increasing  temperature  as  eqn  (3.22)  shows.  It  is  clear 
that  if  dk/dT<0,  then  a  non-linear  insulating  effect  is  introduced  in  the  sense  that  as  the 
temperature  increases  the  thermal  conductivity  decreases  which  further  increases  the  temperature. 


To  study  this  non-linear  effect,  we  have  assumed  steady-state  conditions  so  that  all  time 
dependence  can  be  neglected,  and  we  have  looked  at  the  model  of  Goldenberg  and  Tranter 
(1952)  of  the  spherical  absorbing  inclusion  of  radius  R  (denoted  by  "1")  embedded  within  the 
infinite  nonabsorbing  matrix  ("2").  We  assume  that  the  thermal  conductivity  varies  as 

Inclusion:  >  Matrix:  k2(8)  =  k®  |e2  + -j^j  (3.27) 

where  0  denotes  the  non-dimensional  temperature  with  respect  to  room  temperature  6=T/Trt’ 

The  material  constants  kj®  and  k2®  are  the  thermal  conductivities  at  room  temperature,  ej  and 
£2  are  the  small  thermal  conductivities  at  very  high  temperature  (6»1)  and  mj,  m2  are 
exponents  which  give  the  temperature  dependence  of  the  thermal  conductivity.  Typically,  m^, 
m2  lie  in  the  range  1-2.  We  observe  that  mj,  m2  =  0  corresponds  to  the  linear  case  of 
temperature-independent  thermal  properties. 


The  steady-state  solution  of  the  temperature  distribution  with  0->l  as  p=r/R->«>  is 
calculated  by  assuming  that  the  temperature  and  the  heat  flux  is  continuous  along  the  inclusion- 
matrix  interface.  The  governing  equations  are 


Inclusion: 

Matrix:  =0  ,  r>R 


(3.28) 
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We  first  find  the  temperature  0^  at  the  surface  of  the  inclusion  (p=l)  and  the  temperature  6^  at 
the  inclusion  center  (p^)  by 


£2  05  + 


1 


1  -  m2 


el 


El  Oc  + ,  ■  el  '"‘  =  ^  +  £ies  +  -r-^ 


1  -  mi 


1  -  mi 


gl-m, 


(3.29) 


where  g  denotes  the  non-dimensional  heating  term  and  k  is  the  ratio  of  matrix  to  inclusion 
room  temperature  thermal  conductivities 


g  =  _i^ 
k«TRT  ’ 


(3.30) 


In  view  of  the  previous  discussion  on  the  decreased  thermal  conductivity  of  the  host  material,  k 
will  typically  be  less  than  unity.  It  is  interesting  to  note  that  the  temperature  0^  at  the  surface  of 
the  inclusion  depends  only  on  the  properties  of  the  matrix 


The  temperature  inside  the  inclusion  0u,(p,  p^l)  and  outside  the  inclusion  0out(p.  p^l) 
are  then  given  by 


ei  0i„  +  --l— 0j„“'"‘=^(l-p2)  +  Ei  0,+— 1^01 

1  -  mi  o  1  -  mi 


-nil 


£2 0out  +  -j— L— 0lut  ’”'  =  1  i  + 

1  —  m2  P  t  —  m2 


(3.31) 


Fig.  7  shows  the  temperature  distribution  in  the  vicinity  of  the  inclusion.  The  linear  case 
mj ,  m2  =  0  results  in  low  temperatures  and  the  thermal  non-linearity  leads  to  significantly 
higher  temperatures. 

Fig.  8  shows  the  dependence  of  the  inclusion  surface  temperature  on  the  non- 
dimensional  loading  g  defmed  by  eqn  (3.29).  It  is  clear  that  for  low  values  of  g  (g^)  the  linear 
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analysis  sufficiently  predicts  the  surface  temperature.  At  higher  g,  the  non-linear  dependence  of 
the  thermal  conductivity  on  temperature  leads  to  a  distinctly  different  dependence  of  temperature 
on  the  absorbed  power  q,  so  that  the  rate  at  which  the  temperature  changes  with  g  is  many 
times  higher  than  the  corresponding  linear  case  in  which  the  temperature  depends  linearly  on  g. 

Although  the  present  discussion  establishes  the  importance  of  non-linear  thermal  effects, 
it  is  applicable  only  when  steady-state  has  been  achieved.  Since  steady-state  is  known  to  lead 
to  considerably  higher  temperatures  than  the  transient  solution,  the  reported  results  are  to  be 
seen  as  an  upper  bound  on  the  effects  of  non-linear  dependence  of  the  matrix  thermal 
conductivity  on  the  temperature. 


FIGURE  7:  The  temperature  distribution  (steady-state 
cxnditicxis)  due  to  an  absorbing  inclusion  embedded 
in  an  infinite,  non-absorbing  matrix.  The  inclusion- 
matrix  interface  is  at  p  =1 • 

At  room  toTipeTat’ure,  the  conductivity  of  the  matrix  is 
one-half  that  of  the  inclusion  (k=0.5). 


FIGURE  8;  Steady-state  temperature  at  the  inclusion  surface  vs. 
the  ncMi-dimensional  absorb^  power  g.  Ihe  temperature  is  normalized 
in  terms  of  the  room  temperature  (300‘’K).  >"2=0  oorrespcaids  to  a 
thermally  linear  material  with  conductivity^independent  of  tesnperature. 
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3.5  MICROSTRUCTURAL  EFFECTS  ON 

INTERFACIAL  THERMAL  RESISTANCE 

In  the  analyses  presented  above,  it  has  been  assumed  that  there  is  continuity  of 
temperature  along  the  film/substrate  interface.  Clearly,  this  will  only  be  the  case  if  no 
microstructural  details  are  present  along  that  interface.  The  results  of  Lambropoulos  et  al. 
(Appendix  7)  on  the  measurement  of  the  thermal  conductivity  of  thin  films  by  the  thermal 
comparator  suggest  that  such  an  interfacial  resistance  may  be  considerable.  Furthermore,  section 
3.2.1  of  this  report  showed  that  the  interfacial  thermal  resistance  may  have  a  large  effect  on  the 
apparent  thermal  conductivity  of  the  thin  film. 

It  is  well  known  that  due  to  the  nucleation  of  the  thin  film,  the  interface  has  a  large 
amount  of  porosity.  This  porosity  appears  to  be  localized  near  the  interface  in  films 
characterized  by  the  columnar  microstructure  discussed  in  Section  2.2.  The  presence  of  this 
porosity  implies  that  the  film/substrate  interface  is  not  to  be  viewed  as  a  single  plane,  but 
instead  as  a  diffuse  region  characterized  by  a  distribution  of  voids. 

To  determine  the  effect  of  porosity  on  the  interfacial  thermal  resistance,  we  have 
modeled  the  porous  interface  by  examining  a  single  cylindrical  tapering  grain,  as  shown  in  Fig. 
9a.  The  width  of  the  grain  is  D,  and  the  area  of  contact  of  the  grain  with  the  substrate  is  2a<D. 
We  assume  that  as  z— »«>  the  temperature  distribution  is  uniform  and  that  it  corresponds  to  a 
constant  heat  flux  q  (power  per  unit  area)  in  the  (— z)  direction,  that  there  is  not  heat  flow  from 
one  grain  to  a  neighboring  grain,  and  that  the  film  is  in  contact  with  a  conducting  substrate  so 
that  the  interface  at  z=0  is  kept  at  a  constant  temperature. 

We  denote  by  TQ(r,  z)  the  temperature  distribution  in  the  absence  of  any  porosity  so  that 

To<.t.t)  =  9S  (3.32) 

where  k  is  the  thermal  conductivity  of  the  grain  material.  On  the  other  hand,  in  the  presence  of 
interface  porosity  we  denote  the  temperature  by  T(r,  z).  Fig.  9b  shows  numerically  computed 
isotherms  in  the  absence  of  any  porosity  (2a=D),  and  in  the  presence  of  porosity.  It  is  clear  that 
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porosity  leads  to  higher  temperatures  in  the  vicinity  of  the  film/substrate  interface  and  this 
implies  a  higher  interfacial  thermal  resistance. 

To  determine  the  effect  of  the  interface  porosity  on  the  interfacial  thermal  resistance,  we 
calculate  the  average  temperature  at  a  height  z  above  the  interface 


Tave  (z)  — 


fXm 

JO 


T(r,  z)  2  Jt  r  dr 


7t  D^/4 


Tave  (z)  — 


fD/2 

Jo 


To(r,  z)  2  tt  r  dr 


7iD2/4 


(3.33) 


and  we  can  then  determine  the  interfacial  thermal  resistance  by 


Rint  = 


Tave  (Z=H) 


pO  _  fave  (z— H)  _ 

q 


(3.34) 


This  definition  of  the  thermal  resistance  is  identical  with  the  definition  used  in  Section  3.2.1  of 
this  repon,  see  eqn  (3.13).  Notice  that  these  contributions  to  the  interfacial  thermal  resistance  do 
not  include  any  intrinsic  thermal  resistance  an  example  of  which  is  the  interfacial  thermal 
resistance  of  two  different  solids  brought  into  intimate  contact  through  a  perfect  interface. 

To  examine  the  effect  of  the  microstructural  porosity  alone  on  the  interfacial  thermal 
resistance,  we  define  the  fractional  change  in  the  interfacial  thermal  resistance 

^  T.ve  (z=H)  -  1  (3.35) 

rl 
int 

which  is  plotted  in  Fig.  10  in  two  different  ways. 

It  is  clear  from  Fig.  10  that  the  effect  of  the  pore  shape  is  not  very  strong,  and  that  tall 
pores  (small  H)  give  large  thermal  resistance  than  short  pores.  However,  the  effect  of  porosity 
along  the  interface,  i.e.  the  ratio  a/(D/2),  is  very  strong  so  that  the  interfacial  thermal  resistance 
decreases  by  almost  two  orders  of  magnitude  as  a/(D/2)  increases  from  0.2  to  0.9. 
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It  is  concluded,  therefore,  that  a  large  contribution  to  interfacial  thermal  resistance  may 
be  due  to  the  interfacial  pore  microstructure. 


0.0 


0.5  a  /  (D/2)  1.0 


FIGURE  10:  Fractional  change  in  interfacial  thermal  resistance 
due  to  the  presence  of  inter facial  porxjsity. 
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ABSTRACT 

Nvnerlcal  techniques  are  used  to  calculate  the  stress  oonoentiatlons 
arising  near  the  Intertaoe  of  a  single-crystalline  film  uhich  is  bonded  to  a 
stiff  substrate.  Ttie  film  has  cubic  elastic  sysnetry,  and  it  is  diaracterized 
by  the  anieotroplc  constants  A  and  H  uhich  shCM  the  deviation  of  the  naterial 
froei  elastic  laotropy.  The  nomal  to  the  fibn-substrate  Interface  is  taken  to 
be  along  the  100,  ill  or  110  directions.  The  inhasDganaous  stresses  near  the 
free  ed^  and  the  unlfam  stresses  far  from  the  free  edge  are  calculated,  and 
the  effects  of  cubic  elastic  anisotropy  and  of  flln  growth  direction  are  esta¬ 
blished  for  saterial  parameters  typlc^  of  metallic  and  aenloonducting  films. 


DRRODUCnaN 

It  is  well  known  that  thin  films  grown  on  substrates  by  various  techniques 
are  in  a  state  of  internal  stress  %d>ich  arises  as  a  result  of  the  deposition 
process  (intrinsic  stress)  or  as  a  result  of  differential  thermal  mlmnatch 
between  film  and  substrate  at  a  temperature  different  than  the  deposition 
tenperature  (thermal  stress)  (I).  large  values  of  the  internal  stress  may  lead 
to  failure  by  delanlnatlon  from  the  film's  free  edge  (2],  by  buckling  (3]  or 
by  cradong  along  the  interface  (4). 

Stresses  naar  the  vicinity  of  the  free  edge  of  an  isotropic  film  were 
calculated  by  Aleck  (S],  and  later  by  Zeyfang  (6)  and  Blech  and  lavi  (7),  «4k> 
established  that  close  to  the  free  edge  large  pacing  and  a)iaar  stresses  deve¬ 
lop.  Nllllams  (81  showad  that  for  an  isotropic  film  bonded  to  a  rigid  substrate 
stress  singularities  develop  near  the  point  idiere  Die  interface  meets  the  free 
edge.  Hein  and  irdogan  (9)  calculated  the  stress  singularity  for  varying  stiff¬ 
ness  het'wi  film  and  substrate.  They  showed  that  when  the  film  is  much  stlffer 
the  singularity  Is  -i  for  large  values  of  the  film  material  angle.  Wien  the 
substrate  is  much  stlffer,  the  singularity  is  generally  milder  (91.  Approou- 
mate  solutions  for  the  stresses  along  the  intertace  have  been  present^  by 
Suhlr  (10J,  and  iiy  Yang  and  FTsund  (11),  who  )iave  apprcocimsted  the  variation 
of  the  stresses  through  the  thidoiass  ^  the  film. 

In  all  works  cited  above,  it  has  bean  assimmd  t)iat  the  film  and  substrate 
are  elastically  isotropic.  Still,  situations  often  arise  ihere  the  films  are 
not  isotropic.  Ccamples  are  apitaxial  films  which  may  hsve  a  ocnsiderable 
amount  of  anisotropy  (12],  and  magnetic  films  in  which  the  material  propartles 
normal  to  the  intwfaoe  ^ffer  frcm  the  properties  parallel  to  it  (13). 

It  is  the  objactlvc  of  this  note  to  establish  the  effect  of  elastic 
anisotropy  on  the  streseaa  naar  and  far  from  t)ie  free  edge  in  thin  films  of 
ciJblc  syanetry  whidi  are  bondad  to  stiff  substrates. 


ANISTIRUPIC  GLASnC  STRESSES 

The  gscamtry  of  the  film  and  the  si±strsta  is  shoMi  inaartad  in  Fig.  1 . 
The  z  direction  is  nomal  to  the  fllaw.substrata  intarfaoe,  and  it  is  assvmed 
that  plane-strain  oondltions  exist  along  the  y  diiractlcn.  The  substrate  is 
aodallad  as  being  rigid  and  rigidly  bondad  to  the  film  whoae  constitutive 
relation  in  the  ooordlnsta  syatam  of  the  crystal  is 
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where  ^,£  denote  the  stress  and  strain  tensors,  respectively,  I  Is  the  ide¬ 
ntity  tensor,  and  £  is  the  4-th  order  tensor  of  elastic  stiffens  frith  the 
usual  symnetries  and  the  non-zero  entries 

1  •^2222”‘^3333"‘^1 1 
‘^1122“^2233'‘^3311*^12 
^1  21 2*^2323’‘^31 31  *‘^44 

Ihe  quantity  ^  denotes  a  misfit  strain  and  It  may  be  due  to  differential 
then^  miaaatch  or  due  to  the  intrinsic  stress. 

It  Is  convenient  to  define  the  anisotropic  factors  A  and  H  by  [14] 

A.2C^^/(C,,-C,2)  ,  H.2C^^-(C,^-C,2)  (3a) 

for  an  isotropic  material  A«1  and  H«0.  An  equivalent  Poisson  ratio  v  is  also 
defined 


v.C,2/(C,,4C,2(  (3b) 

FOr  typical  metals  [14]  and  aemioonductors  (elemental  or  IIl-V  oospounds)  [15] 
A  lies  between  1.5  and  4,  and  v  between  0.2  and  0.45. 

Ihe  orientation  of  the  interface  normal  n  is  tadcen  along  the  100,  111  or 
110  directions.  Knowledge  of  n  allows  equation  (1)  to  be  expressed  in  the 
ooordinate  system  of  the  film  which  is  Inserted  in  Fig.1. 

The  far  field  uniform  stresses  are  found  by  noting  t)iat  far  from  the 
free  edge 


C  •€  *C  *0 
XX  yy  xy 


O  kCT  *0 

''zz  “zx  ”zy 
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The  only  non-zero  stresses  are,  in  general,  C^,0^raand  0^.  For  n<100  or  m 
Oxx'Oyy  and  CVy«0,  whereas  for  n«110  0^-Oyy#0  and  Qcy#0>  The  insert  in  Fig.  1 
8)Kiws  the  far  field  0^  for  n<110  or  111  for  various  values  of  the  anisotropic 
parameter  A.  FPr  n>100  it  can  be  easily  B>K)un  that  the  far  field  stresses  do 
not  depend  on  C44  or  A,  txjt  only  on  Cn  and  Cij.  Thus  for  arbitrary  A  with 
n>100  the  far  field  stresses  are  equal  to  the  n>111  or  110  values  with  A<1 . 

Tb  find  the  stresses  distribution  near  the  free  edge,  finite  element 
techniques  were  used  eaploying  4-node  bilinear  Isoparaaetric  elements.  The 
half-length  of  the  film  (parallel  to  the  interface)  wem  ta)(en  to  be  five  times 
the  thicicness  of  the  film.  The  Poisson  ratio  was  ta)cen  to  be  v>0.2,  and  A  was 
equal  to  1  (isotropic),  2  or  4.  For  n>100  the  plane-strain  condition  vaa  en¬ 
forced  along  the  010  direction;  Par  n>110  the  plane-strain  condition  was  along 
001,  and  for  n«111  t)ie  plane-strain  condition  was  along  121. 

Figures  1  and  2  show  the  stress  distribution  near  the  free  edge  and  along 
the  Interface  (z>0.00eh)  for  n«111.  Figures  3  and  4  litau  the  sane  results  for 
n>100.  TTie  insert  in  Fig.  1  and  Fig.  3  ahows  the  levels  of  the  uniform  far 
field  stresses  0^  for  n*110  and  111.  In  order  to  clearly  show  the  effect  of 
anisotropy  and  the  effect  of  the  interface  normal  n,  the  stresses  are  saasured 
in  units  such  that  the  far  field  stresa  lactroplc  material  with 

the  same  Poisacn  ratio. 


OISGUSSION 

It  la  aean  from  Figures  1-4  that  the  aain  effect  of  elastic  anisotropy 
is  to  increase  the  streseas  both  in  the  vicinity  of  the  free  edge,  as  well  as 
in  the  pert  of  the  film  which  is  wtifccmly  stressed.  FUrthacnore,  ths  extent 
of  the  interface  which  is  subjscted  to  largs  ahsar  stisssas  is  sssn  to  incresse 
ocnsldersbly  as  A  Incteasas,  eapsclally  fcr  ths  csss  n>111  (Fig.  2).  AlthCM^ 
ths  pseling  stress  0^  has  diminished  oonsidarably  by  the  time  x^O.I  or  0.2  h. 
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the  levels  of  the  shear  stress  still  resain  cloee  to  the  far  field  value  of 
the  internal  stress.  tAien  oae^iared  to  the  isotropic  results  it  is  seen 

that  anisotropy  does  not  chan^  the  qualitative  features  of  the  stress  distri¬ 
bution  along  the  Interface. 

Oancemlng  the  effect  of  the  interface  oclentation  n  cn  the  resulting 
stress  distribution  along  the  interface,  the  nunerical  results  showed  that 
the  stresses  near  the  free  edge  with  n«110  were  within  5%  or  less  of  the 
stresses  with  n«111  for  the  same  value  of  A.  Thus,  it  was  ooncludad  that  the 
effect  of  anisotropy  is  essentially  the  sane  when  n>111  or  110.  Oi  the  other 
hand,  when  n<i00  the  numerical  results  that  the  effect  of  A  on  the  peeling 
stress  C%2  is  such  smaller  than  when  n<111  or  110;  The  effect  of  A  on  the  shear 
stress  %cz  is  stronger,  taut  still  weaker  than  the  case  with  n>111  or  110.  A 
more  detailed  aneilysis  of  the  effect  of  anisotropy  is  forthocning. 

Several  assvnptlans  had  to  be  mde  in  this  work,  such  as  the  isotropy  of 
the  misfit  strain  or  that  the  substrate  is  rigid,  or  that  the  assuipticn 
of  plane-strain  is  vjdld  (thus  reducing  the  prablem  frtai  three  to  two  dimen¬ 
sions),  or  that  the  film  remains  linearly  elutlc  at  the  high  levels  of  stress 
present  near  the  free  edge,  whereas  plastic  defanBstlcn  is  expected  to  relieve 
the  high  stresses  by  a  variety  of  defamation  nechanisos,  sudi  as  dislocation 
flow  or  diffusioned  creep  depmiding  cn  the  level  of  the  tssperature  and  on  the 
level  of  the  far  field  uniform  stress  (12].  A  careful  exaniimtion  of  these 
assumptions  is  currently  under  way. 
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Abstract 

Finite  element  techniques  are  used  to  calculate 
the  stress  concentrations  near  the  free  edge  and 
along  the  interface  of  thin  films  which  are  bonded 
to  stiff  substrates.  The  material  of  the  film  is 
modeled  as  elastic-plastic  with  a  linear  power-law 
hardening  stress-strain  curve  in  simple  shear.  It  is 
assumed  that  the  film  material  is  characterized  by 
Jj  deformation  theory,  and  that  far  from  the  free 
edges  the  film  is  in  a  state  of  uniform  balanced 
biaxial  stress  which  may  be  due  to  mi^t  strain,  to 
thermal  strain  or  to  intrinsic  stress.  Emphasis  is 
placed  on  the  stress  concentrations  in  films  of 
small  aspect  ratio  (modeling  the  early  stages  of 
island  growth)  or  of  large  aspect  ratio  (modeling 
epitaxial  or  layer-by-layer  growth)  and  on  the  effect 
of  the  hardening  exponent  on  the  resulting  stress 
concentrations.  It  is  found  that  stress  concentra¬ 
tions  are  localized  near  the  film-substrate  inter¬ 
face,  that  films  of  small  aspect  ratio  have  smaller 
stress  concentrations  than  films  of  large  aspect 
ratio,  and  that  plastic  deformation  significantly 
reduces  the  stress  levels  near  the  interface, 
although  close  to  the  free  edge  the  stress  levels  are 
still  higher  than  the  far  field  uniform  stresses. 

1.  Introduction 

It  is  well  known  that  thin  films  grown  on  sub¬ 
strates  are  in  a  state  of  internal  stress  which  arises 
as  a  result  of  the  deposition  process  (intrinsic 
stress)  or  as  a  result  of  differential  thermal  mis¬ 
match  between  film  and  substrate  when  the 
temperature  is  different  from  the  deposition  tem¬ 
perature  (thermal  stress]  [1,  2].  Large  values  of 
the  internal  stress  may  lead  to  failure  by  de¬ 
lamination  from  the  free  edge  of  the  film  [3],  or  by 
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buckling  and  cracking  along  the  interface 
between  film  and  substrate  [4,  5],  The  film  ma¬ 
terials  are  used  in  a  wide  variety  of  applications, 
such  as  optical  [6],  electronic  [7],  or  magnetic  [8], 
Stresses  near  the  vicinity  of  the  free  edge  of  an 
isotropic  film  were  calculated  by  Aleck  [9],  and 
later  by  Zeyfang  [10]  and  Blech  and  Levi  [11], 
who  established  that  close  to  the  free  edge  large 
peeling  and  shear  stresses  develop.  Such  stresses 
considerably  exceed  the  far  field  internal  stress  of 
the  film  [11],  Williams  [12]  showed  that  for  a  film 
bonded  to  a  rigid  substrate  stress  singularities 
develop  near  the  point  where  the  interface  meets 
the  free  edge.  Hein  and  Erdogan  [13]  calculated 
the  stress  singularity  for  varying  sti^ess  between 
film  and  substrate.  They  showed  that  when  the 
film  is  much  stiffer  the  singularity  is  - 1/2  for 
large  values  of  the  film  material  angle.  When  the 
substrate  is  much  stiffer,  the  suigtUarity  is  gener¬ 
ally  milder  [13].  More  recently,  Lau,  Rahman  and 
Delale  calculated  the  free  ^ge  singularity  for 
power-law  hardening  materials  and  for  a  variety 
of  different  free-edge  material  angles  [14], 
Approximate  solutions  for  the  stresses  along  the 
interface  have  been  presented  by  Suhir  [15,  16], 
and  by  Yang  and  Freund  [17],  who  have  approxi¬ 
mated  the  variation  of  the  stresses  throu^  the 
thickness  of  the  film.  Stresses  in  elastic  substrates 
have  been  calculated  by  Hu  [18]  and  by  Isomae 
[19]  who  were  mostly  interested  in  evaluating 
defect  densities  induct  in  silicon  substrates  due 
to  the  thin  film  internal  stresses.  Interfacial  stress 
distribution  in  epitaxial  films,  which  are  charac¬ 
terized  by  considerable  elastic  anisotropy,  have 
been  calculated  by  Lambropoulos  and  v4n  [20], 
As  Lau  et  al.  have  pointed  out  [14],  most 
studies  to  date  have  ccmcentrated  on  linearly 
elastic  constitutive  response  for  the  film  or  sub¬ 
strate  materials.  More  recently,  attempts  have 
been  made  to  include  material  nonlinearities  in 
the  analysis  of  stresses  in  film-substrate  assem- 
bUes.  Yang  and  Freund  examined  plastic  and  vis- 
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cous  material  response  for  the  film  [17j  but,  due 
to  the  approximation  involved,  their  solution  is 
not  valid  within  1  -2  thickness  from  the  film's  free 
edge.  Suhir  [16]  allowed  for  nonlinear  stiffness  of 
the  solder  in  soldered  film-substrate  assemblies. 
Due  to  the  approximations  invoked  in  Suhir’s 
work  [15,  16]  the  traction-free  boundary  condi¬ 
tions  are  not  satisfied  near  the  film's  free  edge.  As 
noted  above,  Lau  et  al.  [14]  examined  singulari¬ 
ties  in  power-law  hardening  composite  wedges. 
Isomae  [21]  allowed  for  linearly  viscous  response 
of  the  film  material  in  an  effort  to  model  disloca¬ 
tion  generation  in  siUcon  substrates  with  Si02  or 
Si304/Si02  films.  In  Isomae's  work  primary 
emphasis  was  placed  on  the  stresses  induced  in 
the  substrate. 

Inelastic  effects  have  long  been  recognized  as 
leading  to  significant  stress  relaxation  in  metaUic 
films.  As  examples  we  mention  the  work  of 
Murakami  et  at.  on  Pb  [22]  and  the  work  of 
Hershkovitz  et  al.  on  aluminum  [23].  Reviews  of 
the  deformation  mechanisms  in  thin  films  have 
been  provided  by  Koleshko  et  al.  [24],  by  Mura¬ 
kami  [25],  and  by  Chaudhari  [26].  Kinosita  [27] 
has  summarized  methods  for  measuring  thin  film 
mechanical  properties.  Deformation  mechanisms 
include  diffusional  creep,  power-law  creep  and. 
at  lower  temperatures  and  higher  stresses,  dislo¬ 
cation  ghde  [25, 26].  As  noted  above,  Isomae  [21] 
used  linearly  viscous  constitutive  response  for 
SiO,  films  interacting  with  silicon  substrates. 

Concerning  plastic  deformation  of  films  on 
substrates  by  dislocation  glide,  Hoffman  has 
pointed  out  that  the  high  stresses  along  the  inter¬ 
face  and  near  the  free  edge  of  the  film  must 
necessarily  lead  to  plastic  flow  or  fracture,  and 
that  the  strain  gradients  are  localized  near  the 
film  edge  [3,  28,  29].  Stress-strain  curves  for  gold 
films  measured  by  Catlin  and  Walker  [30]  show  a 
considerable  nonlinearity,  as  do  the  data  of 
Henning  et  al.  on  copper  and  nickel  [31]. 

It  is  the  objective  of  this  report  to  account  for 
the  effect  of  elastic-plastic  relaxation  near  the 
free  edge  and  along  the  film-substrate  interface  in 
films  which  are  subjected  to  a  uniform  far-field 
stress  (due  either  to  misfit  or  thermal  strain).  To 
simplify  the  problem,  and  in  view  of  the  studies 
on  stresses  in  the  substrate  by  Hu  [18]  and  by 
Isomae  [19,  2 1  ],  we  assume  that  the  substrate  is 
rigid,  and  thus  focus  our  anention  exclusively  on 
the  film  and  on  the  film-substrate  interface.  We 
assume  that  the  film  is  in  a  state  of  plane  strain, 
and  we  account  for  plastic  deformation  of  the 


film  material  via  deformation  theory  fitted  to  a 
linear-power  law  hardening  stress-strain  behav¬ 
ior  in  simple  shear.  To  account  for  three-dimen¬ 
sional  island-like  growth  (Volmer- Weber  growth 
[32])  and  for  epitaxial  layer  growih  (Frank  and 
van  der  Merwe  [32]),  we  consider  films  whose 
lateral  extent  is  similar  to  the  thickness  of  the  film 
or  greatly  exceeds  it.  The  basic  parameters 
characterizing  our  model  are  the  ratio  of  film 
lateral  extent  to  film  thickness,  the  ratio  of  misfit 
to  yield  strain,  and  the  hardening  exponent  of  the 
film  material. 

2.  Problem  formulation 

Figure  1  shows  the  geometry  of  a  film  with 
thickness  h  and  lateral  extent  L.  The  free  edge  of 
the  film  is  located  along  x  =  0,  and  the 
film-substrate  interface  is  at  y = 0.  For  simplicity, 
and  in  order  to  avoid  three-dimensional  effects,  it 
is  assumed  that  plane-strain  conditions  prevail 
along  the  z  direction.  For  reasons  explained  in  the 
Introduction,  we  concentrate  our  attention  on  the 
film  and  interface.  Thus,  we  assume  that  the  sub¬ 
strate  is  rigid,  and  that  displacement  and  traction 
continuity  is  satisfied  along  the  interface  y=0. 
The  sides  x  =  0,  x  =  L,  and  y  =  A  are  free  of  trac¬ 
tions.  Far  from  the  free  edges  the  film  is  in  a  state 
of  balanced  biaxial  stress,  i.e.  o„  =  a„,  which, 
furthermore,  is  uniform  in  the  y  direction. 

The  film  material  is  taken  to  be  elastic-plastic. 
Specifically,  we  assume  that  in  a  simple  shear  test 
the  film  material  obeys 

£n^|r/ro  if|r|<ro  ,  . 

£o  l(t/To)”  ifi|r|a;To 

where  Tq  is  the  yield  stress  in  simple  shear,  is 
the  yield  strain  which  is  related  to  to  by 
Tq  =  2  Gcq,  G  being  the  elastic  shear  modulus,  and 
n  is  the  hardening  exponent  (Fig.  2).  For  multi- 
axial  stress  states  the  total  strain  is  given  by 

+  (2) 


Fig.  I.  Film  geometry. 


FILM 


SUBSTRATE 


171 


T/To 


Fig.  2.  Linear  power-law  hardening  stress-strain  curve  in 
simple  shear. 


where  the  elastic  strain  £,‘  is  related  to  the  stress 
tensor  via  the  usual  linear  elastic  constitutive 
response,  the  plastic  strain  is  related  to  the 
stress  deviator  5,,  =  -  Ot,^dj3  by 

(3) 

where  /  is  found  by  invoking  7,  deformation 
theor>,  and  by  fitting  eqns.  (2),  (3)  to  eqn.  ( 1 )  with 
f ,  ^  =  b.  Thus,  we  find  that 


where  i  is  the  equivalent  shear  strain  defined  as 
f  -  =  e„e„/2,  with  e„  the  strain  deviator.  Denoting 
by  r  the  equivalent  shear  stress  defined  by 
r-  =  S,^S,J2.  then  r  and  e  are  also  related  by  ( 1 ). 
The  last  term  in  eqn.  (2)  is  the  misfit  strain,  which 
is  assumed  to  consist  of  only  a  volumetric  com¬ 
ponent,  thus 

=  (5) 

where  d„  is  the  Kronecker  delta.  The  assumption 
that  E,/  is  isotropic  is  exact  when  e,/  represents 
thermal  strain  due  to  differential  thermal  mis¬ 
match.  For  the  case  of  intrinsic  stress,  the 
assumption  (5)  is  validated  by  the  physical 
models  of  intrinsic  stress  (such  as  HjO  vapor, 
oxygen  or  impurity  absorption  in  optical  thin 
films  [27,  33J,  or  lattice  misfit  in  epitaxial  films 
[34]).  For  epitaxial  films,  nevertheless,  it  may  be 
more  appropriate  to  take  e„^  =  = 0. 

It  is  convenient  to  normalize  stresses  by  the 
yield  stress  To,  strains  by  the  yield  strain  Eq,  and 
distances  by  the  film  thickness  h.  Thus,  it  is  clear 


/2G  (4) 


that  the  parameters  characterizing  the  present 
problem  are  the  aspect  ratio  Ljlh,  the  ratio  of 
misfit  to  yield  strain  and  the  hardening 

exponent  n. 

Solving  eqns.  (2)-(5)  for  the  stresses,  we  find 


,  1  c 

a,  =  — 

t}  3 


1  ^  1-Fv\ 
»7^1-2v/ 


1  +  V 
l-2v 


e  (6) 


where  i,j=  1, 2, 3  and 

r„  =  0  (7) 

from  the  plane-strain  condition,  rj  is  defined  by 


V  = 


-d-l/H) 

1, 


for  E  ^  1 
for  £  <  1 


(8) 


and  V  is  the  Poisson  ratio.  The  parameter  6  is 
defined  by 

e^ET/fo  (9) 

It  is  immediately  clear  that  the  constitutive  law 
of  eqns.  (6)-(10)  is  equivalent  to  that  of  a  non¬ 
linear  elastic  material.  As  expected,  this  is  due  to 
the  fact  that  the  elastic-plastic  response  of  the 
film  is  modeled  by  using  deformation  tl.eory  of 
plasticity. 

The  stresses  corresponding  to  the  constitutive 
law  of  eqns.  (6)-(8)  were  determined  by  a  dis¬ 
placement-based  finite  element  calculation.  Due 
to  the  symmetry  of  the  problem,  only  the  domain 
0<x<L/2  was  discretized  with  the  boundary 
condition  that  the  displacement  in  the  x  direction 
and  the  shear  stress  r,^  vanish  at  x  =  L/2. 

The  elements  used  were  bilinear  isoparametric 
rectangles  with  3x3  Gaussian  quadrature.  The 
grid  used  had  approximately  50  nodes  in  the  x 
direction  and  30  nodes  in  the  y  direction  with 
higher  concentration  of  elements  near  the  inter¬ 
face  and  near  X“0.  Convergent  solutions  were 
achieved  for  a  given  n  by  using  as  a  first  approxi¬ 
mation  the  convergent  stress  distribution  corre¬ 
sponding  to  the  previous  value  of  n.  The  results 
for  the  stress  distributions  thus  determined  will 
be  presented  and  discussed  in  the  next  section. 


j.  Results  and  discussion 

Figures  3  and  4  show  the  stress  distributions 
and  Ojy  versus  distance  x  along  the 
film-substrate  interface  for  several  values  of  the 
hardening  exponent  n.  To  avoid  interpolation 
from  the  Gaussian  quadrature  points  to  y = 0,  we 
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Fig  3.  Shear  stre>.s  a,  u.  x  ImmediaieK  above  the  film- 
suhsirate  iniertace  n  =  0.009/0  for  various  hardening 
exponenis 


Fig.  4.  Peeling  stress  o„  vi.  x  immediately  above  the 
film-substrate  interface  i’v*0.009/i)  for  various  hardening 
exponents 


have  plotted  the  stresses  along  the  centers  of  the 
elements  closed  to  the  interface,  which  were 
located  at  ylh  =  0.009.  These  stress  distributions 
can  be  converted  to  stress  concentrations  by 
picking  the  maximum  value  of  a„/T„  (see  Fig.  3) 
or  the  value  of  oj  r,,  at  the  center  of  the  element 
closest  to  X  ^y  =  0  (see  Fig.  4),  dividing  by  6,  and 


Fig,  5,  Non-dimensional  shear  stress  concentration  vs.  non- 
dimensional  load  for  n  =  1 , 5, 30.  Solid  lines  are  for  thin  films 
(/-/2/i  =5).  Dashed  lines  are  for  thick  films  {L!2h=  1 ). 


Fig.  6.  Non-dimensional  peeling  stress  concentration  vs. 
non-dimensional  load  for  n  -  1,  5,  30.  Solid  lines  are  for  thin 
films  [Lf2h  *  5).  Dashed  lines  are  for  thick  films  (Lflh^  1 ). 

by  plotting  w.  0.  The  resulting  stress  concentra¬ 
tion  factors  vs.  the  dimensionless  load  parameter 
6  are  shown  in  Figs.  5  and  6  for  the  shear  stress 
and  for  the  peeling  stress  Oy^  respectively,  for 
various  values  of  the  hardening  exponent  n  and 
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for  two  values  of  the  aspect  ratio,  5  and  1,  corre¬ 
sponding  to  thin  films  (L>  h)  and  three-dimen¬ 
sional  island-like  growths  {L^h). 

Finally,  Figs.  7  and  8  show  the  development  of 
the  dimensions  of  the  plastic  zone  with  the  load 
parameter  6.  Specifically,  Fig.  7  shows  contours 
of  the  equivalent  shear  stress  r  for  the  case  of  thin 
films  with  n  =  30,  for  several  values  of  6;  Fig.  8 
shows  the  dependence  of  the  dimensions  H,  D  of 
the  plastic  zone  on  the  hardening  exponent  n  for 
thin  films  (L/2/i  =  5).  In  the  results  shown  in  Figs. 
3-8  the  Poisson  ratio  is  taken  as  0.3. 

It  can  be  easily  shown  that  the  far-field  ma¬ 
terial  becomes  plastic  {i.e.  r  exceeds  r,,)  when 
0-0.93.  Thus,  when  ^<0.93  the  plastic  defor¬ 
mation  is  localized  near  the  free  edge  Jt  =  0.  As  6 
approaches  0.93  from  below,  the  extent  D  of  the 
plastic  zone  increases  rapidly,  and  extends 
through  the  whole  of  the  film  as  0  exceeds  0.93. 
Figure  8  shows  that  the  dimension  D,  H  of  the 
plastic  zone  depend  weakly  on  the  hardening 
exponent  n,  implying  that,  for  example,  linear 
elastic  solutions  [9-11,  15,  16]  can  be  used  to 
estimate  D  and  H.  On  the  other  hand,  as 
expected,  D  depends  very  strongly  on  the  loading 
parameter  0.  Examination  of  Fig.  7  shows  that 
plastic  deformation  is  localized  within  a  narrow 
strip  which  starts  at  the  free  edge  x  =  0  and 
extends  parallel  to  the  film-substrate  interface. 
Outside  this  zone  of  intense  plastic  deformation 
the  film  materia]  is  weakly  stressed.  If  one  were  to 
think  of  plastic  deformation  in  terms  of  the 


L/2h=5  n=30 


1.06 

e*  0.9 

Fig.  7.  Contours  of  equivalent  shear  stress  r  normalized  with 
respect  to  yield  stress  rn.  General  yield  occurs  in  the  far-field 
material  for  #«0.93 


propagation  of  interfacial  dislocations,  Fig.  7 
shows  that  a  continuum  plasticity  approach 
agrees  qualitatively  with  the  fact  that  interfacial 
dislocations  propagate  along  the  film-substrate 
interface  [32,  34],  Our  calculation  presently 
establishes  the  interface  between  film  and  sub¬ 
strate  as  being  extensively  deformed  into  the  plas¬ 
tic  region.  This  observation  is  in  agreement  with 
the  results  of  Lau  et  al.  [14]  in  which  the  angular 
variation  of  the  stress  components  resulting  from 
the  asymptotic  analysis  is  such  that  the  peeling 
stress  is  maximum  along  the  interface. 

The  stress  concentration  plots  of  Figs.  5  and  6 
show  that  bulky  films  (L^  h,  modeling  thus  island 
mode  of  film  growth)  are  in  general  less  stressed 
than  thin  films  (L>  h,  modeling  epitaxial  mode  of 
film  growth  [32]).  The  difference  is  largest  for 
linear  elastic  films;  it  diminishes  considerably  as 
hardening  diminishes.  As  the  films  are  progres¬ 
sively  stressed  into  the  plastic  region,  the  stress 


Fig.  8.  Variation  of  extent  D  and  height  H  of  plastic  zone  vs. 
strain  hardening  exponent  n.  The  aspect  ratio  is  Lfik  -  S. 
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concentrations  diminish  as  a  result  of  stress  re¬ 
laxation  by  plastic  deformation.  Thus,  the  abso¬ 
lute  values  of  the  stresses  increase  as  6  increases, 
but  less  rapidly  than  6  itself. 

Figures  3  and  4  show  that  smaller  amount  of 
hardening  leads  to  considerably  lower  stress 
values.  We  note  from  these  figures  that  within, 
say,  0.1  h  along  the  interface  the  stresses  exceed 
considerably  the  yield  stress  of  the  material.  Even 
when  n  =  30  the  peeling  stress  is  as  large  as  2-4 
To,  while  the  shear  stress  is  no  less  than  Tq.  We 
note  that  these  stress  concentrations  are  localized 
within  a  fi-action  of  the  film’s  thickness  from  the 
free  edge,  and  close  to  the  interface  (see  Fig.  7). 
As  xjh  -  «  both  Oyy  and  a^.  must  vanish.  When 
d>Q  (implying  that  the  far-field  material  is  in 
compression)  the  largest  value  of  Oy^.  is  also  com¬ 
pressive  (Fig.  4),  but  Oyy  changes  to  tensile  with  a 
maximum  positive  value  at  a  distance  of  about 
0.5-1  thickness  along  the  interface  (9-111.  This 
maximum  is  diffuse  and  only  a  fraction  of  the  far- 
field  stress.  It  is  concluded  that  when  the  film  is  in 
far-field  compression,  the  anticipated  mode  of 
failure  is  by  shearing  along  the  interface.  When 
fl>0  other  modes  of  failure  are  also  observed 
{e.g.  buckling  and  interfacial  delamination  [4]).  In 
this  context  we  note  that  thin  polycrystalline 
metallic  films  exhibit  hardening  behavior  and 
yield  stress  which  is  quite  different  from  the 
corresponding  quantities  for  bulk  materials.  Hoff¬ 
man  [1]  has  compiled  data  which  show  that  the 
hardening  (about  l/n)  diminishes  as  the  film  thick¬ 
ness  increases.  Similarly,  the  yield  stress  de¬ 
creases  as  the  thickness  increases.  Thus,  when  the 
thickness  is  too  small,  the  film  may  fail  in  a  brittle 
manner.  Such  observations  are  in  agreement  with 
experimental  observations  of  Pashley  in  gold 
films  thinner  than  50  nm  [35J.  For  other  film 
materials,  such  as  nickel  [1  j,  the  plastic  and  elastic 
strains  at  fracture  are  comparable.  The  depen¬ 
dence  of  yield  stress  on  thickness  has  been 
modeled  by  Chaudhari  [26,  36]  and  Ronay  [37] 
who  argue  that  a  criti^  film  thickness  exists 
below  which  plastic  flow  does  not  occur  and 
above  which  the  residual  elastic  strain  shows  an 
inverse  thickness  dependence.  When  0  <  0 
(implying  that  the  far-field  film  material  is  in 
tension),  then  the  large  values  of  the  peeling  stress 
along  the  interface  are  tensile  and  considerably 
exceed  the  yield  stress  Tq  of  the  film  material.  We 
conclude  that  in  this  case  the  anticipated  failure 
mode  is  by  peeling  away  from  the  interface. 
Again,  other  modes  of  failure  are  possible  [3]. 


The  use  of  deformation  theory  of  plasticity  to 
describe  the  inelastic  deformation  of  the  film 
material  is  justified  by  observing  that  the  stresses 
increase  monotonically  as  the  loading  parameter 
6  increases.  Furthermore,  the  calculation  pre¬ 
sented  herein  can  be  used  in  film  growth  when  h 
is  a  monotonically  increasing  function  of  time.  As 
discussed  above,  Tq  is  a  decreasing  function  of  h, 
and  $i  “  “  2  decreasing  function  of  fo 

Tq.  We  conclude  that  0  is  an  increasing  function  of 
h,  so  that  deformation  theory  can  be  used  to 
model  the  elastic-plastic  deformation  of  thin 
films  during  film  growth.  Still,  deformation  theory 
would  be  inadequate  when  significant  amounts  of 
unloading  are  involved.  This  would  be  the  case 
when  for  a  film  of  fixed  thickness  h  the  tempera¬ 
ture  has  a  sinusoidal  dependence  on  time  with  a 
maximum  value  AT  such  that  AaAT>eo,  Aa 
being  the  differential  thermal  mismatch  between 
film  and  substrate. 

All  calculations  presented  herein  refer  to  the 
case  when  the  angle  between  the  free  surface  of 
the  film  and  the  interface  is  jr/2.  Once  a  crack  is 
nucleated  (by  shearing  deformation  for  &  >  0,  and 
by  peeling  for  0  <  0),  the  geometry  changes  radi¬ 
cally  since  now  a  crack  exists  along  the  interface 
between  the  film  and  the  substrate.  In  such  a  case, 
the  extensive  work  of  Shih  and  Asaro  [38]  on 
cracks  between  dissimilar  elastic-plastic  media  is 
to  be  consulted. 

4.  Conclusions 

Finite  element  methods  were  used  to  deter¬ 
mine  the  stress  distributions  near  the  free  edge 
and  along  the  interface  in  film-substrate  assem- 
bUes.  The  film  material  was  assumed  to  be  elas¬ 
tic-plastic  characterized  by  a  linear,  power-law 
hardening  stress-strain  curve  in  pure  shear,  and 
by  Ji  deformation  theory  for  multiaxial  stress 
states.  The  main  parameters  describing  the  prob¬ 
lem  are  the  hardening  exponent  n,  the  ratio  of 
misfit  to  yield  strain,  and  the  aspect  ratio  of  the 
film.  It  was  found  that  near  the  free  edge  plastic 
deformation  relaxes  the  elastic  stress  concentra¬ 
tion.  Still,  near  the  fi'ee  edge  the  shear  stresses  are 
no  less  than  the  yield  stress,  and  the  peeling 
stresses  are  at  least  several  times  higher  than  the 
yield  stress.  These  concentrations  are  localized 
within  a  small  fraction  (0.1 -0.5)  of  the  film  thick¬ 
ness  fi'om  the  film’s  free  edge.  Far  from  the  free 
edge  the  film  is  in  a  state  of  balanced  biaxial  ten¬ 
sion  or  compression. 


175 


The  extent  of  the  plastic  zone  depends  weakly 
on  the  hardening  exponent  n,  and  strongly  on  the 
ratio  of  misfit  to  yield  strain.  The  zone  of  plastic 
deformation  is  localized  within  a  narrow  region 
along  the  film-substrate  interface,  and  it  propa¬ 
gates  parallel  to  the  interface  as  the  misfit  strain 
increases  in  relation  to  the  yield  strain.  Plastic 
deformation  reduces  the  elastic  stress  concentra¬ 
tion  both  for  thin  and  thick  films.  When  the  far- 
field  film  material  is  in  compression,  the  antici¬ 
pated  mode  of  local  failure  in  the  vicinity  of  the 
free  edge  is  by  shear;  when  in  tension,  the  local 
mode  of  failure  is  expected  to  be  by  peeling.  The 
applicability  of  deformation  theory  of  plasticity 
was  justified  since  stresses  increase  monotoni- 
cally  with  the  misfit  strain.  For  film  growth,  defor¬ 
mation  theory  is  again  applicable  since  the  yield 
strain  is  a  decreasing  function  of  film  thickness. 


Acknowledgments 

This  work  was  suported  by  the  Office  of  Naval 
Research  via  grant  N00014-87-K-0488,  and  by 
the  National  Science  Foundation  via  a  1988 
Presidential  Young  Investigator  Award. 


References 

1  R.  W.  Hoffman,  in  G.  Hass  and  R.  E.  Thun  teds.).  Physics 
of  Thin  Films.  Vol.  3.  Academic  Press.  New  York.  1966. 
p.2ll. 

2  K.  L.  Chopra.  Thin  Film  Phtnomena,  McGraw-Hill.  New 
York.  1 969. 

3  R.  W.  Hoffman,  \faler.  Sci.  Eng..  5.1 1 1 982)  37. 

4  A.  G.  Evans  and  J.  W.  Hutchinson,  /nr.  J.  Solids  Struct.. 
20(1984,1455. 

5  D.  B.  Marshall  and  A.  G.  Evans,  J.  Appl.  Phys..  56  (1984) 
2632. 

6  R.  R.  Austin,  R.  Michaud.  A.  H.  Guenther,  and  J. 
Putman. /4pp/.  Optics.  /2(I973i665 

7  R.  Rosenberg.  T.-S.  Kuan,  and  H.  i.  Hovel.  Phys.  Today. 
55(1980)40. 

8  J.  K.  Howard.  J.  Vac.  Sci.  Technol.  A.  4  ( 1986)  1 . 

9  B.  J.  Aleck.  5  Appi  Mtch.  /6  ( 1 949)  1 1 8. 


10  R.  Zeyfang.  Solid  State  Electron..  /4  (1971 )  1035. 

11  I.  A.  Blech  and  A.  A.  Levi,  J.  Appl  Mech..  48  (1981) 
442. 

12  M.  L.  Williams,  5.  Appl  Mech.,  /9  ( 1 952 )  526. 

13  V.  L.  Hein  and  F.  Erdogan,  Int.  J.  Fract.  Mech.,  4S  ( 1 98 1 ) 
442. 

14  C.  W.  Lau,  A.  Rahman  and  F.  Delale.  in  W.  E.  Moddeman 
et  at.  (eds.).  Technology  of  Class,  Ceramic,  or  Glass- 
Ceramic  to  Metal  Sealing,  ASME  MD  Vol.  4,  1987, 
p.89. 

15  E. Suhir, 5.  Appf.  Mech.,  55(1986)657. 

16  E.  Suhir,  Calculated  Thermally  Induced  Stresses  in 
Adhesively  Bonded  and  Soldered  Assemblies,  AT&T  Bell 
Labs,  1 986,  to  be  published. 

1 7  W.  Yang  and  L.  B.  Freund,  Shear  Stress  Concentration 
Near  the  Edge  of  a  Thin  Film,  Brown  University,  1 986,  to 
be  published. 

1 8  S.  M.  Hu,  /  Appl  Phys.,  50  ( 1 979)  466 1 . 

19  S.  Isomae.y.  Appl  Phys.,  S2  (1981)  2782. 

20  J.  C.  Lambropoulos  and  S.-M.  Wan,  in  R  C.  Sundahl  et 
al  (eds.).  Electronic  Packaging  Materials  Science,  Mater. 
Res.  Soc.  Symp.  Proc.,  108  (1988)  399. 

2 1  S.  Isomae,  5.  Appl  Phys.,  57  ( 1 985)  2 16. 

22  M.  Murakami,  i4cw  Afera//.,  26  (1978)  175. 

23  M.  Hershkovitz,  1.  A.  Blech  and  Y.  Komen,  Thin  Solid 
Films,  130(1985)  81. 

24  V,  M.  Koleshko,  V,  F.  Belitsky  and  I.  V.  Kiryushin.  Thin 
Solid  Films,  142(1986)199. 

25  M.  Murakami,  in  D.  E.  Schuele  and  R.  W.  Hofhnan  (eds.). 
Critical  Reviews  in  Solid  State  and  Materials  Sciences,  Vol. 

1 1 .  CRC,  Qeveland,  OH,  1 984,  p.  3 1 7. 

26  P.  Chaudhari,  IBM/.  Res.  Dev.,  15  (1969)  197. 

27  K.Kinoshita,  Thin  Solid  Films,  22(1972)  17. 

28  R.  W.  Hofbnan,  Interface  Anal,  5  (1981)62. 

29  R.  W.  Hoffman,  Thin  Solid  Films,  S9  ( 1 982 )  1 55. 

30  A.  Cathin  and  W.  P.  Walker,  J.  Appl  Phys.,  31  (1960) 
2135. 

31  C.  A.  Henning,  F.  W.  Boswell  and  J.  M.  Corbett,  Acta 
Maall.  23  (1915)111. 

32  R.  V/  Vook,  Opt.  Eng.,  23  (1984)  343, 

33  H.  K.  Pulker  and  J.  Maser,  Thin  Solid  Films,  59  (1979) 
65. 

34  1,  Markov  and  S,  Stoyanov,  Coniemp.  Phys.,  28  (1987) 
267. 

35  D.  W.  Pashley,  Proc.  R.  Soc.  London,  Ser.  A,  255  (1960) 
218. 

36  P.  Chaudhari,  Philos.  Mag.  A,  39(1 919)  501. 

37  M.  Ronay,  Philos.  ,Mag.  A,  40(1 919)  1 45. 

38  C.  F.  Shih  and  R  J.  Asaro,  Elastic-Plastic  Analysis  of 
Crocks  on  Bimateria!  Interfaces.  Part  I:  Snuill  Scale  Yield¬ 
ing,  Brown  University,  1987, 


APPENDIX  (3) 


J.C.M.  Li.  P.D.  Funkenbusch,  and  J.  C.  Lambropoulos, 
Microstructural  control  through  strategic  materials  processing, 
Ashby  Symposium:  The  Modelling  of  Material  Behavior  and  Its 
Relation  to  Design,  ed.  J.D.  Embuiy  and  A.W.  Thompson,  The 
Minerals,  Metals  &  Materials  Society  (TMS),  pp.  149-173  (1990). 


The  •election  of  materials  to  construct  a  com|wnent  or  a  device  is  alwajrs  a 


r 


iSE-SV  Ibis'S 

3  g  i'C  g  l.ac;5  C 

1.2  *•  *{.2  P  •  •»  a  ee 
s  e  e  ■  '0  ai3'5  ti'S 

J  ^  n  •  ^.S  «  «) 

•  g  -t-S-  ag  £*• 

■  2  93  8  8  Gk0 


>•»  («i‘5 
a  •'.2 


2i!=  3  •!  •  ?*  «  o. 
s'a.-r  3-«  «  3  k  8  e 
S  8  >^.2  a  «  «  Li 
s  ■  S  C-**  ®.2^ 


!•••**** 


-  p'g  s'®  a  •  S  *‘®  “ 

^B'gg-Sje-e 

‘S^fiSCaSS  ^ 

Sx*5  ^  Q  S 

i-s  j  H-sil-ill 


ss 

«  or 

I  e 

•jB 
;k  ^ 

5  ••  • 

o  *•  «i 

•XI -5 

a«i  c 

S2L 

ji-se 

-.2? 


5  O  2  ^  * 

llllili 


■2  .  *1^.0 .5 

•5s?s; 

1^1  s‘ 

igfs*  . 

aHl^ 
5  SaS  Sc 
-S8eJS5 

l:fli| 

e  -  “  «»  B  3 

8^1  S  1.^ 

•I  3  5  Jl  •  « 

8  S-§^.2  B 

«.s2gs 

•  ^  g  8  3^ 

■S  |'i’I|  e 
e  n  i  «s 

•s  i-S 

4>  «  «> 

.2.2  -- g  6 

s|li5f 

a  !| 

it  Sis  I 

S-S  rI  -a 

8t  |T8  ? 

!illl 


^  CL  A  J5  ^ 

csss-  ca 

e  M  S 
_  *  a  .i  ? 


•  «.  S  ■"*  5 

.■§^Ss»| 


•5  ^  "-a  •>£  ' 
»  Bjb  g  g^ 

B  J  3.e,n>^ 

Tilht 

S*85Ji.S 

15  l-ss  g 

i  jig  g| 


m  «>  V 

—  .ti  .CM 

W  §  L  S 

.jS  fJ 

Is.  «• 

■SB  gg 


-5  X  • 

*1  i^. 

ga 

Z-s  |S 

Ib  si 

2^  Si; 

>t  £; 

M  M  O 

k  6  C 
•  P  • 

•5  ®  «fi.2 

i2  tg 
g*!  -51 
•e  ?  it 


M  ***«  VkS^ 

:2.2jj5^2 
■fi  ge  •2  P  p 
■S  'J  S  S 

iSsllI 

■  *>'3  9*8 


II 

H 

■S  s  g5  S 

l-r 

=■5  ^11 
t?  3  .sag 

51  >sa 

^11 


aCallBJ!  •*»  .PJstt  B 

rii2|6||l|i  I 

gSo  .g>  >aB  a 


sP"- 
8^  IJe 

g  2 

^.5  2  3  0 


2^5:5“ 

1||.s 

s!^ 

5^S-5 

S  •  >  P 

|S5;i 

3g5feg 

S  a^.a  « 

■5  >»«  h-S 
■2  “3  8  bl 
•  £  g  s  £• 

ils^s 

>|s8'i 

•s.s^ss 

•^*5  n  S 

um 

ism 
.!•!  Is  i 

'S'sSS's 

£<  5  M  a 
a  8 

Util 

•“  *.0  JC 
— —  «  jja 

S'S  3 

■fslsl 

.Sa-n  h 


,•  S  «  b  c 
0.a  a  «  „  a 
«  •*  h  U.2  a 
•»r=3  v_jj  g  J; 
g-oS.E  «  -2? 

si 

2  ^  P  «C  C 

•  M  •  M  9  X 
C  <'».2r.Ba*- 
ViSCb  a  *■  !>•' 
a  “  f  Sea 
g  3  a  gx  ax 

O  S** "  O  w  u  Ai* 

“  Z  e  STj  g  C 
Px  ^  ^  a  ^4. 

^  Cm  w  S  X  « 

g2.2:S|  Is 
tl'lll  ss 

a  a  a  B  c  ^  « 

ei  a^  8^0 

3x^.io*-  >  « 
.£  c3  pi  • 

fix  2  a  a  5?^ 
>.*'  fc.Sc;  KJ  a 
X  “I  si  Me 
S  a  1-2  •>  *^.2 
ea«id  IS 
2 1 

g-Sa-S-iSg 

ISiafc  pi 

a  brS  g  V  5  ® 

a  ax  a  g  S  B 
"a  Q  B  o  c 
■1  M  M  V  ^  O  S 

5.2  «»  g.S  -s 
85‘|“'§  §1 

5|i^*  II 
c-sSsg  ^.•- 

"“•S^g  0 

|||J{  5° 


6i=.S^ 

is 

b  MB  CS 
jj 

a|8  P 

g  t&»«s 

8|sSg 
81-5 -3 
S'iSaS 

«>  a  5  g- 

Ill'S  8 

rJS5  «j! 

^s§Sl 

2  ? 

•  QTJ  V  Z 

alls  S 
!•£  e  S-5 

_  ll—  0-- 

•  S  ^  O  J 

8  «.£  s!: 
bg  5  S'< 
«>  E ‘jx  a 

1‘^rl 

i8*Ss 

S'Stll 

I!ija  o 
S  M  e  w  Jj 
•s  _  «<X‘B 
-■£i®  **  c 

‘.•®  m«2 

•>  S  C-B  — 


2  •’•3 
B  ti  a 
o  M  e 

'm  a 

c  V  S  c'e; 

c  ^  «|  2  - 
o  ■2'a,;2  2 

■a  -o  “g  « 

■a  —  r;  .2  ■« 
C  a  c  b  w 

f-mt 

m  SwB-S 

i  l!l- 

^  «  o  o  a 

'  I 

^  *0  •.S  « 
S  *S  3  I  ^ 

j  :|  a  s.t: 

"S  Sc 

»  S-a  a  a 
■<  tirS-S.*^ 
8  Sal'S 

•  «ji  o  ii 

ja  «  > 
“■  a  a  b  ** 
o  »|*2| 

g  %eS8 

'S  ^  ^ 


OT  ."&*! 

M  9  4> 

aaji; 

*5x^3 

M  aj  W 

-S^  ^ 

‘  G  «  «« 

•gSSS 

Il'il 


-Sfi 

c*o  S' 

«j  V  e 
2  4)  £ 
g  C  -S 

«  So 

"^c-2 

a.S  « 

®  ^"8 
o  E8  O 

’•S  ^  G 


SP^t  • 
.S*s  V  a 

2  g  s5: 


■5 

-•g  « 
«  Cjs 
o  «  ** 

‘5  e  § 

•»  o 

Es-a 

O  48  W 
«  O  « 


«  B  B 

S  c-S 

■Q  O  °- 

a  -s  g 


C<)  M  « 

O.  < 

.  «i 

48  <8  ^ 

5-.=  £2 

W.2-S  — 

48  2  4> 

«•  6  4f 

M  O  C 

z  u 


8  ^  a-Si.'®  B 

|.»l|8-g| 

■  ihnu 

e  «  S«(  o 
•a  MaZ—  X" 

s^HlH 

'i'S  g  §  -  2 

a  S  B  W«*aO 

gBS-S^aS 
•a  8.S?  B^-g. 
J5^  8  g  w 

■  t!  S  aa  g  S'Ei 
S«5»B»c 

mSO“_  a.=  s 

•|‘5*.|l£r» 

.  g8.83g^|S 

.  3  B  (B  >**••  *;  X 
B  o  ^  a  o  S. 

>  gagSaSaS 

g^<S.2'B  CUB  a 

Ssa-gs  Ecfi 

ccaS:  •«•&&«• 


«-SS  g  S  2  E  S 
=2fTjSS''J.S 
fe  S  S  •*  ?  s  -■« 

5 --^-s  ills 

£3.2^1  t*S 

figgN-cgi 

a  o.g 


'S^  S  5  E-b  m 

I'i*  8.S-S 

V  xS  S  .a'S-o.S 
■is2H|;sgg& 
8  g-gu:  E  B  g^i'S 
«  c  s? 

^a  6  2  "  S  g.2  J 

Bags  a  -  St!’:; 

•  5  §•"3  “S 

ejl  E  a  a  a*  g-  8 

“.2  8-3  I  g 
g'^ag.SSa'sl 

O  e  «  O  P  ^ 

*a‘“'3  i  “••a  6.5  * 

m  8  V  *  *2  X 

m  w  ft  ^  JS  e  o  ^ 

o-g  °  S-S-S^  e  c 

«  2-g  aa  gjj.s  a 

a  a  E  2  £-o  E  " 

a  “a^iS-S  I  a 


a  a .. 

B.H’B 
•»  •••  c  1» 

1 

t  aa  ‘• 

2-  g^s 

:  |s-“ 

e  fi  o  «-> 

i5  *-  3eo 

S  11= 

a  |i!a 

§  "ij 

"  A 
^  Ac 

o  j-g 

■•=  a2«' 

a  >  3  B 


a8a 
S  a  E 
S  £  ^ 

S2*« 

a  a^ 
= 

B 


a  u  —"a 

«.'3®  S 
"ooiia 

|t|- 

g  e  “:s 

*  o  C  M 

S'cSS 
M  So*  S 
IS  ^  c  S 

v<««  ^ 

•0—3-' 

«  “  S  g. 

eil-s: 

»3-a 

-.2  £  *• 

I!|l 

b-s-  3 

JS  ^  ‘C  'C 
lASiiS 

e  ad  « 

'S  it  £  e 

‘5|sl 


^25  8 

sj^l 

(9  0*9  «) 

•cit-Si-S 

sx  e- 

.5  jc:  a 
*o  o  _«  c 
•—  o 
9  M«2  M 
O’—.®  >* 

“T  5  «  S 

*0  <rt  *9  “■ 

js  w  2  >  ^ 
--  3  *  *  Ol 

S 

s^^-ss 

S-x|o| 
e  S-i  _  c 
•S  6  p-S  c 

fcJHiS 

c  o  oO'ci 

2  '3.Ja  ^  ? 

«>  M 

1-20  g  = 

2~.2S2 

^S|£i| 

82iSS 
sr  s 
aai"-- 
o  J  I 
■S  «  E=  a 

iliiS 

sUii 


SO 

SO 


3  <99  *  ? 

J "  3  5 

ije*  •>  _ 
:  "  >•  adO 

■  T 


*  "O  ad  £ 
C  «  «  <3  2 

u  c  S-t3  Or 

3«SS|| 

NsiS-o 
s  i"?  i  5 

j3“-g| 
S^^.sb. 
*  Ei! 

:36|5 

ISSt  jj 
3  c  «*o  ^ 
j£.5  M  /m» 

*bS^S. 

It  M  ^  ^ 

Etd:538 

3  t:  •»  — * 

5  M  S  E  ^ 

si  ill 


sr 

sr 


to 

M 

£ 


g. 

^  ^ 
5^*0. 

w  u  Q 

3  C.S 
C 

T5  2  ^ 
G  9  « 

“f^ 

J!t3  O 

b:s  <“ 

SS  S 

«l  M'S 

55=! 


■H  »<" 

S|J 

•»  2^ 

cv.  2 

jsl 

01  o  Gs 


®5 

»o 

M  A 

i® 

2^ 

S^v 

X’^< 

xSS 

S.t:i 

s.s  £ 

2 

o2  ^ 

■0*9  2 
C  CO. 

«■=?£ 
521 
£  S  'c 

u  ^  s 

VX  9t 

5"*5 

^  siC: 


cc 

ifi 


tot 


00 

-V 

£ 


'S't3j2  o  8  i;  SS 

•Ss».Sc«- «:=2- 


—  S'C  b  g  ^•S-3 

a  s  9  •{  a  2  » 
1S-lo5l«'s^s 
*5  2  i^N-aJa  !I  ‘■^o 
•a^-S;gW  «■:  Bi«S 
•-  *  2«  S  "5  »W 

rfgis5S|2S|« 

ata  ?  S  o'Sv’i 

« ’I  25- 

fiilsljslij- 

la  i-a  S  *!2v>'s-| 
“2  *  S'® 

*2  ®  V  s  S  « 

^■8*^  IJ5-2 


•Sli  5121150.2“ 

;s.i3  V  vM  a  6‘Sabwji  e 
“*«  e  "F«  -  a  •!  v«-  t 

•S  8  o  >.-a  8^1  "  °J= 

i.--|j|^-S5t5=S 

V  o-fi  R  c-r  -SPS>. 


>'«6i£g2'5-g.2 

«go*c'®.g|2 

^J§  o-s5  Ejb« 
.2ggS|lB2f£ 

«  S  S"©  S3  2  S'®  ® 
3  I  a  „rS| -3.S  2 

^  mm  tf 

«  9f3  V.OS^i 

•i  “  ■2  ®  2  2  e 

S‘a  t*  «  «_  S  ®  a 


-5 

**S>«3.Sa’"9^'3 

5  S  £  t'J!  :s  **  2  *•  s» 

•Sja  &  wai>'5st‘3  >'3 


■O"®  a  a 

*aa  ^1  aaa 

9  S  fr.  a 


—  8  a  3  a  a  «<- 

■oa  fi  S'*  -  ax 

:2  a  a  a  .S  2 


■5_  o  o-it 

®282“Sa 
2  1:9  a  S  6  « 

•5  a  a  fl  a  a  >>, 
2  1.  2  a  a 


a.a.B  a.s  c 
a -3?  a  ^‘5 

5 

35-85“* 

S?8l? 

lllll 


aaaBaaaeqa 
'a  «5  a  5  §5  “ 

■I  Q  3 

S  S  c  a  a  — .5  2  a  5 
■“9t_a9^a^‘: 
S3  ?  3  uJS  »•«  a  “• 

■§|-i-Hy!:i| 

I  lit -too  3|^ 


^!a-JS“e 


3<.5l=^-5il 

ssStlrSifs 


«a8fia-  ..g-SS 
|SS..S^  •e£F"S 

C  ...3  ..a  Mg  V  a  E 


|3S  + 

■-s|l 

»S  >«■*■ 
a  5  3  ^ 
.c  c-g.5 

u.S  it? 

?3SB 

■9  a  S 
5  >.M  g 

sii's. 

«s  #■  « *•• 


-;:  8.SX  ^  g.s 

.25^  s --ge 

S^l  -xJS-Sl 

'ci-.-o  o  « 

TslWil^ 

■=?3-g-  » 

S'’’-D  ‘•C  2‘^  « 

5--S.S  2  => 

a.Q  8=  8-S  •  * 
°ll  ig.aSg-f 
-S.5a^Z-S'rS 
81*35-^3" 

Sag^'-jS-Ef  . 

^a3^«-SES 

e  a  S  a<>J  a  5&'3 


■3  e_  5fa:3£x  CS 

00 •a.s.fiS  s  . 

•o  a  a  I;  .  «  S  2^ 
|5  t-g  g  A  l  e  “--2^ 
“aOa.2oiB§5}>0> 
r*  a— a*»o®9ga« 
a  c©-a  a».  a  E~--';' 

£  aS-a  2  V5-3 

a  8  w'l  8 

£  "S-8x  c  a.i  s  g5 
^■S»g®-Sg-.2S^S 

il=a5c*»*S§8 

*S^a3g5a|-3^ 

l5l|it|l||| 

S.5o'1ao|o®=a| 

:3-aggf2“'-23»3 


o'®  c  8  8-5=  b-® 
.S.s  85  8  o  We 

I  s  53.5  -5|  § 

a  S.g  8  ag  o.g  • 
■o  a'5.s5  ^a  a"® 

•  8g5«,g*SS^ 

S-sIsiiH: 

S|e-S“'S.Sa| 

mnm 


silelllli 


Flg.9  Variation  with  D  of  the  maximum  values  of  equivalent  shear  stress  and  ,„j.  =  _^/rtB  +  n  _vir^dui/ar 

hydrostatic  tension  near  the  center  (r  =  0)  ana  near  the  outer  periphery  e  ^  ^ 

ofthecystal(r=  1).  The  units  of  stress  are  EalT^  Tj/lOO. 


eAC(AV«B-/4O09 

iJlur 


o  *-5 

««  m 


S-.s?  g 

^■:|siiiii55s|: 
■si*  !.«  S.E  = 

§  3  s  ho""  ii'  -Si>ij 
i|S5gg.fiS:Sa«:S^ 
&S  s  ».  SS*  2  «.a  •» 

.izl 

V  Q  ^ ^ M  P  ^  a! 

llisi=M2l|sH!i 

jsSt-^^cs"  ■‘“^•a^iaS 

2£-'«ay--«oSS.5jS 
"S  *■0  c  Si-E  i{W"B.S55  V  M'S 
"jSSS^rsaigeg-agg 
"*o2ii4«5  8|:s^  «“a 

c  2  Ob  e  ?w»S**i***^ 

"^Ko^P^-Si^-ogcSfe 


.—  •£  -S^— •■-,cciio*‘3.2 

e -I  S  «=  J 

•S*o  "'g  S  S«(  I 

Stf.s-S  2  U  s  vg-a  8  *  .  »  2 

g  g^^J  5lS5^  «.  C.2  I 

£-=sl  Ts  S  B  8  If  s 


<s 


J 

9S 

« 

3 

e 

« 

> 

#< 

« 

*3 

> 

a 

& 

s 

« 

a 


fi 

V  • 


2^ 

°l 

si 


niW'ivnn 


c  "!2  Si-S-S 

^  flj  a>  w  cn  ti 

jj  u  •“  c  «  2  i 

!i  &  ■=  ”  e  --  c 

«»tik  ^ 

**  ^ 
to® 


u  ^ 


V  i. 

-gs 

”  V 

li 


M  ^  M 

CO  3 

^  V  .ti  ^ 

j)  3  i  ?  a 

fe  &«  «  I 

»£  E-2S 

£.S>=-  „- 

a^  B 


0-0 
■"  g 

«  o 
u 

£S 

zs 

“  >; 

II 

V  u 

■o  a. 

s: » 

«  ‘I 

C  J: 

H 

09  C 
<5  CO 

e  > 

g  8 

-  £ 

e  ti 

82, 


M  ® 

Ss:5's« 

•*—  -  o  ® 
OQ.g  w5 

>>  C  (O  M  <0 

"  45  §  -"S 

X®. 


o  e  ' 
n'3  §3 
a  -3  «  _  w 

“  *•  is-S  > 
S  £  c  s- 
c  l-l  «  8 
•sSisiS 

—  ^  »:•  c<» 

.22  si  s 
S  *  S.Si  = 

Su'O  M.B  M 
XS  14  t>  b  9 

<»;=  j3,o 

*>  2^2; 

o  - 


laC-g^' 

gx'SH 
^■e 


|l  l||3| 

ig  V II  ijii 

S  ^  >ib  w  o 

s  E  .rg-3.2 

X  o  ef>  '<  fi  »ji 
H  B  -4  **H  t  a 


o 

e 

o 

‘S 

S 

i 

•XX 

i 


ce 

tj  c 


°-.2S.S.25 

C  (A 

O  4>  C8  it  CO 

;f 

"2^  i  E“‘2’E 
£  _  «>.5 

•sr  “i  “"Sc 

^ vs-s  >;«  V 

«  S  3  S:g  =>  I 

!iiSs-«-g|-o  §■ 
"S-e  S'S 

St  £  E-  > 

® “E  §5  =  ^ 

^♦S  2  *5  • 

ft)  S  ®  «  it  'r  0^ 

S  E“ 

ft)  u  C  O  O 

ft>-—*T  ft) 

e  -g  ®  «i  p  9.2-g 

8k  c  "  ao."  B 

***  J5  fc« 

Q  KA  «  O'©  ft)  **0) 

^  „55  s'? 

2  g  „  "  I 

3  u  S.2  g-o  55^ 

3.2  *<ogoO 

*S-6%  Sis 

ft)  ft)  ^  ft)  - 

^  ^  ^  ^  ^  ®  O 

■-JS  ~  " 


>,C  P'S  «■%  ^ 

“•  o  ♦*•—._  f? 


CB 


•S  g  i-o  «  £'5  s 

(bi:;  s  ^  ^  ‘t'c 

in  £  "o.  £  '3 

c.s;  3  Soo  £  c 

■o  E  8  as  E  g 


e2:'.2S.22«5*iS- 

•5  £.2  £  S  ^  £|‘2  e  “•- 


C-)  .M 

acH.o 


«-3;s  0-0  =  s  o-i-oTJ- 

>'  9  s  2  “  r 


^  .  u  u  g  O  Q  n  ft) 

2  boXjS'oS  V  «  “3 

^.5  r  Q  ft)  9  ««  Si^  5 

■oCg2e£'5?>c  g^-S  3 

Ts  «  S-3  ■«  2  2-S  c-c 


«  = 
_!  -  »•  3 

M  C  ft* 

^  o  «8 


-  «  S^!  J  o 
5-2gS".c6ol5Sg-5' 
«S^:2-S-2.cH«SgS 

“S-i  «  2,2 

S«X>a.Sw 

.  fl  a  ^  fc  c  c  <"  2" 

Ma)w^Q*Oj3.Z  B  c 

C8  ■«  Ucs«3**'® 

«  -  a  g-fg^  o-S  %^3 


®  E Ji :?  a 


^Vu—  Sm2,  '^miu 


tS.2  'aU  S  «!  m:  ‘'"SC 
ot?3i.^c»a»i^E2 
o»  £  a^  2  £  ^.25—  ?, 

-S.P‘“®pi«3  «  S,T3 

a“-SbcEbc^'>»„ 

•  S  ^  «  ft)  -o 

-s 


e  2 


5  2-23.2 


“.a-ii  «S.a.a  S'^‘--5 

2  t  a  P  ?  £  xl^i;  ".2 

*®ft)l;e8Cft*  s  ■Tr.24i#'^-o 
a>  ^  CQ_  ><  _  ..  0.2.^  (/i 


-24S-o.3=ii“>P  -  pg 
«S-b«s2“l|.SES 

•-  S<^  3  «'  ^a  sja-s  a 

(/>  M  A  fb  ^  ^  &.  O  •  t) 

w  o  ^  ^  _.  w  —  u-  C/> 
St))gft,^gt«*-‘roft>j) 
-o  ^O  S'"  O  ®  rt  ^  ft)T  w 
U  «0  _  ^  -  tie  -  - 


o 

u. 


Eg^lSg.SS-SgS 


>2£t:§5g_|E|  „ 

■3  **-  ‘C  o  ^  S-JS  O  2  ft)  X* 
C  ft)^  ft)*r  Q— •  ft)  c 

9^  M.iO  »  «  CQ 


iO 


5  ft)  C  2  C  ft)tJ 
^-C  — '3  «)JS  ft) 

J 

ft  ^  «  o>  ^13 

ii5«'^2-a  g 

;))  V  *1*^  O 

»  J?  ”3  « 

:3-2  2  .5.2 

E>.2H  t'ls.E  e 

*  p  8-5  a  2*^ 

:-.2s»s.-f 

SiJ.S  gS-£o 
U^S'S  ?*  i 
S5S  £  S  §-2  S  » 

S  £-§3'E.2  S-'t 

“•r  I  «,  *  S' 61)2 

ils-oi^ia 

=  g'S’B®>2„g 

3  IB  ^A*JS 

WO)”?  2*“ 

lsl'S5.|«S 

•.  a  *»  s  2  "■  -— 

3  £•-  »  a  2  g  « 

qjggafl-Sa 

•SftBO^S^^fl 
O  O'—  S 

®  ®  E  “itj  *  2 
S  a  i  ja  S  S  t»  3 

sS'S»J5li 

C 

^  JJ  V  C?  ft>^  ftt 
t:“  xj  ft)  0 

2  a • 3 B^  5 S 

i5.SS:.S5;3> 


ft^cc:  2.E'3 
s*:;  2  e'tt  P  #  o  t  c 


-e-c  : 
**  ' 


E  w 

s  S  c  S'S  s  p 

a  O.C  ^  liej  «  2  q  K  «  "-S  a  8  “  i 
3^--  5  "s  3  ti"  2  a  “•;:  3  2  ' 
5-5  u-TsJ  “E-S-c  2S 

C  ^  .C  ft)*—  P  ft»-a'S  'tX  o  P  uw 

;;-S;a«522^'5 


C8  «  «  .i  .=  W  ^  =  .Si  00  5  «  -O  .= . 

«»  w  Et*  O  2'--l  O^i-,  5  c  (»  o 

XX  <0  9  0)  >  ft)  Ou^  ^  .  ^*9  o  O  u  S  j; . 

a)P'2rSjBe2:-hoJ  °^«)0‘g 

E  5  ^  2  q  b  I  "  8=  Ji  life's-' 


i‘s 

W  9  ^  ^  ftl  ^  **  CX  ^  ^  ft)  ft)  "Tt  it  fca  t 
Q  O  A  •  *X  w  _e  ^  ft)  ,2  «H  A 

£  a—  w  02  “.s  6buSj.‘“ 

-  e.a  2  c-o  e  o 

je  o.a  _ 

■5E«a-o 


«  el-S  3  a-a  CjO  o  .; 

c  =  £  2-0 ’5  2.2 ‘^■5^  -  2 

•—  E  s  S  O  ft) .M  o  2^0 

gBS^-OMTiSA  ,«.i~;E.i:A‘2' 

j3  2^  bJm  ®  P  cxx*5  2 

^x!  A. 2s  ^  o.*^A  ^  ^0^  i 


-  ^  =  C  . 
V  W  mUS 
w  t)  S;S  t) . 


g'S-oSS.IScg 
X^.S-a  S  si  g-ff-a  g  s  s  = 
sss  s  i)  S^  5— *x;  S  P  ix  ® 


o 
o ' 
ft*  cn 
9  A 


iHI^|l|i-|liti| 

|:|S|eig|g,||f|2 

gS"®”  G  o-u  •<  *  —  S'-"®  •>■2  1 

&2  J!  £  >)«-*||;  2 , 2-g  J!  5  : 
2lS2^iS2fesi"»=5««S 

A  ^  B  ft)  O  ^  C  ftl  ^9  9£  cj  A»  O 

^S-esSoS^-S-a^C-SgS 

9  AE»  9  th  S  Qv  A 


©■O 

tti 

t  s 


\n 

so 


C  u  2  — — 


•p  »  o  « 
RSise 


J{5*ie 

•|2ii  3  b 

>  OJS  S  S  s  i  S 

«co.‘'<«,£g« 


in  E  B 

^  >.s  I  g3  S| 
r^5|:|.2|l  . 

■§£“x||s-S| 

•>  »>.!2  *5  S  S 

|5.;S5^E|i!S 

-sSsi 

SSE,!|i|a| 

il«^S.s|8c 

S'?!”  »> -o 'Bjs  Ji "o 

et-siric|i 

“•  ct 

09 


■-gKlae 


53 


SfSc  y  «t3»!-5_ 

•g?i::cS5y 


•3  3  0  4)  C-=  "Jc  " 
*2.0  o  — ^21:3 

8  *«  F  b  FjC  ^ 
(2^<2  o-a  a  S.S  e 
5'S  a  £  £  S  "° 

|2|g:g:5-g1 

H.S  a  «  a  o  aC 


4) 

a 

>1 


4> 

flS 


> 

OS 

0) 


•V 

«c^ 

•Si 

cf 


o  c 
«  o 


c 

.2?  S 

'5.$^ 


£- 
H  0 

3 

q 

o 


4)JS^4><S  V  4>  4> 

^  c  (A  ujq32 

Si  5*3  «/)♦*— 

^  ,3-3  5  >»^  ?•«  X 

V  to .3  q-s  c 

;  'S  •“  <s  S  .2  -3  . 


SX  a> 


It. 


kJ  ■ 

[^1- 

II 

» 


0<0 

Sto 


.g;2i-S 

.2  Z*-  2js  «  “  ®  3 
2°6eS|-2g8 
J!  «  ®'=  S.<s  S  3o 
•S'=o.|6«“Gc3 
S  ^  S>j?  a  i  c  -o  *- 

o..~’  u  a  V  a  V 

a  S  P‘S  5  E"®  “5 

-B  Si"“  '  C  Ou  *’  . 

t|.!!  8.8  &!  S..!! 

■"■‘"'-RaaSa 
a.s  |al  E  *  q  £ 

atoSfi  §  £  S-  gri 

c  .'  8  8**»S-.3 

o3'-€53gc"f  g 

gjs  §,§•«■»- s:  s  8  s 

Jl.a  ‘^’O  o  a  ^  5  •*  S 

B  2  s;  5  a  £  J  e—  J 
§  a  o'"  -g  “.S  8'5  o. 
B  “•'Cfl  a  E®jb5  8 
^  08  ^  ^  u  o  ^  St 

3.6  ’■‘S^  a  a 
^•S  «<  Si.S  s  8  “  ®  » 
“•s5-s-  a  I  gii.2 

^  o  2  o  t.,2  at. 

5  41  4)3  4)  M  > 

4)  ^  A1  ••  »j  O  ta  5 

fc-'g  j-g-gaa-sss. 


■“  ?  a  o  a  S  S 
»^.gQ  0.3  8 


3 


—  -S  4# 


OS. I 
4)  ' 


0.5  ^Q,  q 


"O 

q 


w  jB  —  t_ 

*•-5  «  ® 


sag 


a  S  *  2 

3  «  g  8 
SEs® 

5  «  u  0) 
o  q  ii*  ^ 

ggfs 

=53  8-p 

B.^'-  S 
".go® 

2  ®  2  a 

^  “-^5 


£ 
>  B 

4) 

3 

a 

a 

a 


-S‘S®.2S#|giS 

a  B  S.i  a”  J.2 
i:  =>  S  e  OPS  27  c 

§.- "  a  «J“«*  Eta 

■^i  cx“*s'o|  |3 

I'i  e 

E-2.8>22i®  -  c 

|■«E^  is|sfe.» 

SB  22  “"OS'S  >Si^ 

iS.2c.aeTJ  .£Ba'e 
a'S  ®  o  ^  3  £  0^'=  o 

2  .»  hfl  «  50  clS  ^ 


G 


tfi 


c-fi 

-fsis 

a  -.0  a 
55  3-0 


^  .■^.2**o*5<8'^:iaj^4» 

£  o  5  £=S  8  “-5  S-bX 

7^  a  S-=  p  ?  c  i-.Tj  E5  . 


g.2  o  a 

»%  08 

gaii! 

33 1  s 

«  »  3  S  . 
E  i  2  »  " 


“a53 

-o  o^t'o 
c  b-5- 
®  c  a 

8  s  ‘•‘I 

.S5sf 

“r  («.  33  4) 
»  o  o  u 


q 
o 
‘.a 

os 
9 
O* 

U 

sj 

§•3 

«*'iS 

a  E 
^•2 
s® 

i  a 

•s^ 
o  a 

a  i. 

ii 

f- 

O  u 

Sis 

atj 

0.2 

83 


O  3.1.  P  3  a  a  0 

-  "  §.  so 

!  T<J> 


»s.^ 


I:'  s*=  jf 

«.S  uZ  b  ®  3 

•3*iu<S*OU»2o8M»  •. 

<s  E  *  H  a  85  3 

B<2  a  ®S  g  ^a  2  SO 

o  c  <9.2*  “o  ^  9 

A'S  8  C  2  A  5 

u  o  4)-S  o^Ctfi  ®*55 

•3, 3«®®#*“o^g 
S-agip-a-gtsSa"® 

StjS's  s  |o3  S  2.^ 

®  c  iA.M_tf  5d«„  Irt  5^ 

c  £  g^A'S.S -*3  S  8^ 

o  fc  A  2  9*t3'5  2  t> 

*3  ^  JS  “  A  at  F 

|3|8®-S»'fsa| 

■6|Sal€oS“t8 
5^.S  >£  a3TJ  8  eg 

C.2  C|^  ?•“  ®  -I  » 

■«  «3.25  o 

Egg®5.^|SE'?.5 

.Sia3£^lsi®3 

^*5"  2C  •>  -.“o  ®  *5 
^  «  A 

•  a a  A  O 
•9  0.0 


*9 

q"® 

O  C 


X  — 

O  4>-n 
4>  a>  2 


C  6  c  A  2 
A  Q.A  0.9  U 


>^S3!lS  g.S  A  0.53  J 
"■s  st;g'5  g-E  §■«  gi  S.2 

a"  s  .2  t.  g  aS  ifa—fc  g 
£  3  w  •  -  B^  t;59'a®o®3 
o*3W  S  a  "i.  E  “ 


o  . 

aa  A  ^  q 
E_e  o  O 
a  ^  &j 


S£3”5|®oit^2®a 

^  ®.S£-:Eit;:is3|-S 

.^^33  >.2^ls3‘“'®  3:s  2 


bH 

4)  .  M  -I  V 

^ M 9  «:2 


*  .3  A  1;  .*B  S 

£  ,0  o  w  5 


^s;.s^*£-S'-'S3'l 

a.Sf'2-  ««°  §  B  S'o 
®AqgoA* 


V  c.2^ 

3  M  S  4)  O 

iiS  •■fi  ^ 

5  S  *0 
S3|Sg 

lint 

»  2.^  A  2 

:  a  a  ‘’i 
23^-0  a 
E  a  B  P  ~ 

’  a—  «  £ 

j5i.ll 

t 'a  E  g  B 

=*.2  ®s  S 

2|5i2a 

•^8a-5.i 

l-.'slis 


3  c.2  a.5  8  5 


C  rY  O  A  ^  A 

±  “^-:S  8. mb  3-  C 


_  SS  g 
.S  g>fc  «•“ 


cl's  eB'B  c  o  I£  a  B 

■Ca|8-|a  J^'sa-c-sl 

•.gg8.|-7xS*cigEE 

91  9  41  «  o5  fi‘®-S.-JK2 

E^  E  |;5^  i  a  bJ®^ 


o'-EarS-aXssaoi 

®  a-5  £-'3_;  a!E.-t:  e  " 


-=a  :s'a 


a  ^ 


J5**9'S5*^qtS 

l|Sgsi=®l!s|s 

8  -  bS-sSfll aST  a 
®**5«Sq2.q2“S  «•» 

Mq>o^A2r*V4»S  .  &*T5 


-  -  s  ®  s  P 
3  c.S  8.2 
,  r  j  Sz  _ 
3.--g.§  gj 


igSS!&8a3-i2  3- 


*■•=  8®  a  s 
a  3  0.^3  o 


=  .0 


■p  i  c  c 

i  s-3=- 


.E  B' 


o  J< 


®3x.i|““g53'S3S 

V  9>  N  5 


2 

J3  e 

H  ■ 


«SOT3gC:5".2  S 

i1.=s!:-e|«2  8s? 

aa2^*'S88_a83>>§ 
ge3.£yi2pb.S  ®p 

*‘^-5|I.L5--25seJ 

*•  2_  «i  >> ®  2  .«  O’" 

gTst  ®  P'S  “•«  S'® .2 

p‘«3  3  c  2  -  c 


AC 

iJ  < 

O 


a  g  .S 

a-B  M**  <*b  *•3  s  «  a  St 
•sE.s?i|®|g3>| 
^-IllipE-agsa 

{•'9  0A9  •'S^3Cl9 
**&9  qjdti.S  A 


B.5—  A'S  q  A  Ajill?  o  ~  c 

83-5  ^8-5 ■*S-5i‘g£-g 

8  a'S  S'®  C  a'S  o  "'3 
.5«  15  S  S^  sl-s'l  S  g 


S  a  S.2 

i:"s- 

tS£| 

■nil 

19  O  Ca  A 

®8.^g 

i.'s.s  g  > 

e  c  ^  13 ! 

^SJtE 

5?  £3  8 


'cOcfcS  5i*o'A-2’"Ac 
5.2X  C’i5  S  A  ^ 
o'^F^'9  a  o  q  2 

A  £  be  A  >  S  5  E  9.2 

4)  beq  V  q  o  9  A  e  (A 

.0  q93  —  AjS  be—  e 

—  A^  ?*  >s9S  q  A  3 

=  tgS5’c-®a]s8 

»  a-S  i:  8js  bH  b. 


'  X  ^  A  A  -q  — 
QJJ  2  «.  V  A 


9  A-«'  9 


'o  2  ¥ 

ts9> 


A -9  .5  A  u 

3t*  9ws^  ipw 
q9ccrb>^  .AO 

8  0.2  "  “  a  a“  a  “ 

=  s  ®  °  s  S!3t:-3  Sf 

A  9  CQ  ®  A 
2'C  S  A  *■ 
a29-5  9  5«  ac 
o  q  ^A***it 

^050.®^ _ 5*na 

•2"?  a  8=1  E  g  a  a 


S  "2  8  e 
5-  t.  ..  E 


-om 

A.O  X 

'  A  q 


z.g  8.1  "■S.E  •'■S  E 
A^  q  ^  q  .-a  Q  >»  0)  o 

VSA  m  ^,S-S9aa  o*— 


a  5  a 
3  g  ifl| 
«SS8B 


I' a  I-S.sls  el 

gg*®a-gx-8E 
■";g.siiS3ia^ 


>1  1*5  a  S i  a3 
8o£e„«;: 

ill! 28^^55 


iS3-o.^2s; 

S'?-2|  5  §3  §  o  £ 

•2£^^t;uO  aX 
H  BH  a-g  — .g  P  P 
•o  S'  J?  at  g  °  c 
B  E  a^  “.e  y  ”  «*o 
-g'aS-S§P.«'3 

t®  A..  q^**9**o 

*3  A  5  ^  A  9^  A  *3  A  — 


^  5.”  B  a  S  g-a  g3  t  8 

Iss-8.2  5.i5i.sxa 


5i'B'2-55  5'3 
S  §1-8  £5  8  888. 


•»  ^  ^  ^  i: 

^  c  r  c-c  w<£ 

«  I  >,fc-2 

3  S.iSS-C 

(o  a»  A  v  c  0^ 

“  "SsS^oS-S 

C  0)  k. 

01  ea  2-n  °  u 

1  “•  c  S 

o  «<  E  «.2  S 

2-xj  3  a  c^ 

V  ci  u  «.£ 

"  St  *  gS  »>-o 

c  «»"S  r  »i  «  c 

- 

^  0.|^'Og« 

e  i.S  c  be-2£ 

«  S.-“g.S«2 

S^g-osa 

2  St'S  I  St  S« 

£  5_gas-So. 

-  iTSSseS 
"  >.>2^S.S'3 

■s  -ife-li 

3  ■SlgS^i 

3  9  "O  S  M  O  ^ 

I  Jg^Sa-S 

Ta  .  •“  0.35  «a  a 

So>  V  _  3  a*  • 

c"  ■So'Ssf  SS 

5f-  .3x-2o'«1! 

ji—  w  w  g  e  g 

V  O  IS  ^1  ^  M  At 
AlV  srs^— 

sa  "sm?^ 


Him 

23-  e.sfe 

lilies 


2  '3  •*  08  V  *A 

i  o  m  ^  <u  c 

l-g  Z  S.'c  ^-2 

-  2.  S  <3  e  2  S’ 

;  “"S^  S-S-Sa 
t  E  (i»-5ia -  o> f 
s-g^  O  S^'Sfc 

sg’aSgo-Sjj 

s  •  H  is  ai  2  "2 
ta<*''n‘a-23§ 

’.o  ♦•  "  il—  J*  2 
;,  e-~S  ‘"Ji  3 

s:!E5 

sS^C  ®  S'®  i> 

3  5-C  i  4-»  0» 

^a.o.2woc:s 
8  Cjc-**  3ae  5^ 

a  3  c*  S  «i 
S-fl<:2  S  ;;,S  « 

4>  i:  4B  w  e  ^ 

g:2#.25a.sf5 

3  g<o"o  *.  £ 

i;Sj2-5  g-Sjs*o 

ij  0.(0  - 

S-«o1cSgl 

iS  «  ^  g  .S  Im  S  '*J 

§-“  .5^.2  a|  j;  s 

jS  C-"  *  “••'«2 

*£-S  £  ".S£  • 

3  C  S  a  « 

Si^-gsl-ss 

’sSSrfi?*: 

K  S  M  bis  a  ® 

s  s 

a:5-§.lfes.s  g 

s a  i^  a| al 

S.2  i  J  85.S.S 


jLUSNaa  aAiurcu  naisAS 


2 

6  8#  ® 

•B  2  VO 
-O  o  h  ^ 
“o  2 
0^03 
C*“-o 
^  O  V  O 

flS  3*3  & 

«(£  ^tS 
.2  i  S£ 

0)  tf)  ^ 


o  ^  .2?  o 

E!5>^  5 

So*® 

-tJS 

(S  ^  e 
^  c  «» 

0>*a«  ^3 

a  a  g 

III! 

c  3  •>  ¥ 
a.o 

^  o  o  E 

|s=5 

o“"-S° 

•M  <19  M  *« 

*«•«  CB  (0 

•S-SSsf? 

‘V  c  0  ^  o 

—  JS  c-5!  c 

.5  o  i>  V  v 

A  fi  V  5  B* 
Qu  CL  i«  a.  u 


00 

Oi 


kO 

CO 


5 

s 

5 

o 

< 

i 

« 

m 

u 

d 

•O 

c 

CB 

C 

3 

O) 

0. 

oi 

< 

bO 

‘5 

a 

CA 

< 


kO 

CO 


o 

00 

O) 


5 

s' 

I 


V 

00 


c 

CB 

JIB 

df 

CB 

L. 

CB 

od 

:id 


.5  W 

<»S 


o 

CO 

C4 


00 

00 

Oi 


3  r 


c 

CB 

cf 

tt^i  CB 

It 

-Sld 

^P> 

4>r 

4>pC 


OI 

C4 


3 

S 

I 


V 

> 

U 

:)d 

od 


*oeo 

*  M  sa^ 

m 

CO 

«  •  o 

ha  e  1-4 

<B  «8 

«i5f 

-5 -§2 

>0°®: 

S  "Va 

"  £  a 

^■sS 

iSi 

«|S 


Oi 

CO 

O 

r- 

O) 


Pul 

>s 

jO 

JB 

vt 

< 

s 


CO 

f 

<0 

f 

Oi 


00 

a> 

"o 

C! 

J3 


I 

Wi 


3 


3 

V 

sj 

■f 

(^1 

jO 

2 

9 

d 

Q 

“O 

c 

< 

4) 

s 


O 

o 

X 

E-i 

2  . 

^2 

X 

£d> 

*=2 

9  ^ 

Qo> 

PuC 


a> 

CO 

CO 

co 

w 

CO 

n 

f 


3 

n 

S 

tsj 

9 

C 

CB 


O 

00 

Oi 


a 

kO 

JS 

CJ 

4> 

H 

g 

3 

0) 

> 

CO 


«s 

o 

e 


<t> 

3 

CB 

? 

6 

•9 

9 

CB 

2 

CB 

& 

X 


CJ  CO 


e 

o 

> 

oi 

< 

G 

CB 

•9 

bt 

O 

^S2 

J  CO 

<  to 


9k 


a< 

•9 

9 

eB 


X 

CJ 


o 

x 

9« 

-S 

Xw 

. 

51 
II 

o 

flUii 


CJ  9 


9) 

r- 

k9 

9) 


41 

X 

(A 

(S 


-c: 

Pul 

9 

*9 

9 

4) 

X 

Pu 


C4 

00 


3 


> 

Pu 

*9 

9 


u 

d 

X* 

(O 

2 

9 

X 

o 

CB 

s 

X 

X 


*^2 
<B  « 

HP 

coS 


r- 

CO 

p 

00 

9> 


o 

00 

^1 

J 


8 


u« 

< 

*9 

9 

CB 

Urn 

41 

X 

3 

o 

S 


CD 

CO 

00 


00 

9) 


< 

•^1 

X 

M 

CB 

>v 

CB 

X 

O 

X 


*9 

9 


<X  CO  H 


kO 

00 

9> 


CO 

X 

I 

I 

i 

CB 

N 

CO 

d 


CO 

C- 

liO 

« 

eo 

9> 


kA 

00 

II 

£ 

o 

ts 

t 

o 


be 

u 

J! 

9 

‘S 


-9 

9 

CB 


»-•  ** 


3 

>C 


9 

Q 


X 

9S 

CB 

U 

CB 

I 

CO 


> 

S  . 

IS 

uS 

dw 


kO 

oa 

P 

00 

a> 

o 

00 

•SI 

£ 

O 

to 

t 

CJ 


Oi 
CO 

S 


S 

i 


X 

? 

w 

o 

4k 

ba 

o 

X 

£ 

u 

3 

CB 

S 

■-b 

S. 


o> 

(O 


00 

9) 


CJ 

^1 

6 

b. 

CB 

U 

u 

CB 

Pu 


*9 

9 

CB 


9> 

00 

Ok 


•^1 

£ 

O 

> 

ba 

QJ 


^  a 


S  dx 


o  ^  w 

C4  ca 


eo  ^ 
w  C^l 


kA  CO 

ca  ca  ca 


b. 

X 

b» 

X 

b. 

X 

*•» 

o 

b. 

X 

E 

<B 

§  i 

X 

d 

CJ 

d 

d 

d 

•-0 

"O 

< 

b 

od 

cr> 

b 

la^ 

(N 

04 

CO 

CO 

CO 

-  0-1 


X 

9 

O. 


•S  s 

^  s 

d  *3 

d  2 


CB  4) 
OX 

u  4, 

O-Iq 

Is 

5i2 

o 

Xos 


«A 

CO 


9> 

9> 

CO 

4A 

00 

9) 


» 

8 

o 

•J 

o 


9 

*9 

9 

Q 

X 

*9 

9 

CB 

9 

CB 

ba 

•9 

9 

CB 

X 


OS 

< 

cu 


9 

9 

X 

H 

d 

X 

*9 

9 

CB 


CB 

X 


4» 

CO 

«n 

E 

X 

9 

X 

H 

«•« 

o 

M 

'5? 
>,ca 
X  ^ 
9.x 

9  9) 

•-a  ^ 
'  iO 

c  (A 
«  B* 

It 

»i 

w 

X<< 


^  kA 
CO  CO 


4>C>v«>J4»CB^ 

*71  o  .t:  00  K-  * 
n  CB  »»  c  *-  5P— 

ba  W  •*  —  —  •2*9 

1^5  S'-  «  «  •  * 

l_-g3  3  H  ».  “■ 

•“  S  °  Ssj  ‘''S- 

°  K  S*s-2  £ 

i.  -S  5®  ®  #5  M*3  a* 

o  a  f** wtS  „ 

•>  *■  Si.2  ".jc  S.S 

5  c  5  3^  u  t* 

•*1  a  S|  £ 

8v»  e  V  i3“0*^ 

•  C  »  «2  ^x.2 

.5  41^  3  *  E.518X 

15  2  “J!  5-3  £* 
S  (aa^l  a-O 

3  S  u  a  e 


a 

E 

sf 

V 

3 

J 


botfivvvvvoc 

99.9SlJ3tI-CticB 

•  a-  ^  V  ^  CB  r.  C  ^ 

E  £  „  £  /a  c  “-c 

1- S  o^_ 

3  a  oa  *T! 


V 

€ 

9 


^^Usin 

Irds 

I  2  .5  ^  a 


a  5  a  '  Qi  -"!?  « 
•5  *' a  a^  * 
3  a  a a 
w.  a  »!-a  „  S  •“ 

O  ^  2  «  ba«.a 

M^*9’^.aa  «l  — 

>  &.S  -  S  c  -g  3  > 
JS-s^'S^sig-g, 

1  -  a  s  2-0 


52CS.C-3~SS 

lllsiifil 

:  9  9  7 


“jK-5  S  ®  9  •.*  fe 

flflsnl 


5S|5=S-gag- 
«  C  SjB  a  a  S  a  I 
■S'^Sc.S'CB 
:  a  ..  a  a  S'* 
5‘a  6''s  a  a  u  ° 

Iis||l8 
IliililH 


31 

9' 

V 

I 

I 

“5 

e 

9 

X 

45 


S  c 

1 

ba 

V 

it 


OT  L*  *•  "a  w 

V  CBjB 

CB  9^ 

.  O  0*9 

4k  9 

f^CB  V  CB 

■26,0 
•«30£ 

J*  o  vC 

cis  9P*-X® 

•«-g 

5^  9XX 

9  4J  .« 

eSSS-*-; 

-isSgS 
Sl"^a^z5 
go  aS-oS 
g  .Zco  Coo 
figaS-c4 


g 


I 

a, 

ij\ 

C| 


% 


ci  ^ 

* 

!!  .S<» 


9) 


9) 

00 

9i 


O 

9)  «N 

c 


00 


«0 

00 

CO 

9 


<j 

o 


5S  ^ 

A  >  0i 

r* 


a  >% 

m  -■■ 


i  2  s«? 


3  S|s 

Q  !r*^ 


« 

m 


^2^83555 


09 


3*2 

Zjs~i 

1-2- 

X  «•  o» 

ill 

sal 


1 

•D 

e 

« 

m 


s 

cd 

•o 

« 

« 

8 

a 

I 

I 

9S 


»o  S 

?.  2 


o> 

t* 

s 


s 
a 

V 
<1 

00 

e  - 
X  <1 

■  I 


»o 

o 

(D 

pa4 

S  er> 
S  * 

<e  lo 

-<  M 

lO  _r 

M  0> 
*  V 

o>  w 


u 

S 

►-I 

< 

CO 

S 

t- 


u 

H 

«  a 

"a  a 


t« 

eo 


A 

M 

a 

V 

< 


i 


5 

<i 

c*  * 
C  *14 

^  i 

■B  «  2 

I  5 

•s  ^  w 

a  e  A 


>u- 


g.£ 

!«:x 


<• 

M 

>s 

£ 

e 

•5 

M 

H 

1 

a< 

"» 

Q 

£ 

e 

:£ 

biS 

ti 

•w 

d 

jg 

iS  . 

,  ^ 

s 

3 

S 

>• 

a 

2; 

8 

3 

» 

« 

c 

'a 

2: 

CQ 

> 

> 

<e« 

oj 

H 

oj 

1 

:S 

5 

U 

< 


« 


“g^ 

5  M 

«  m 

ur^ 

I? 

>:i 

CO  — 

8“". 
e  jfi 

l-s 

isc  S 

d 


5  5  3  8  B  2  S  S  S  S 


I 


\ 

i 


Jfluraal  of  Eloctronic  Uotonolo,  Vet  19,  No-  9,  1990 


appendix  (4) 

Thermomechanics  of  Thin  Films  and  Interfaces 

JOHN  C.  LAMBROPOULOS 

Department  of  Mechanical  Engineering,  University  of  Rochester,  Rochester,  N.Y.  14627 

Several  mechanics  and  thermomechanics  problems  associated  with  the  deposition  of  thin 
films  on  substrates  are  reviewed.  They  include:  (1)  Stress  concentrations  in  interfacial 
cracks,  and  the  corresponding  calculation  of  the  enerp^  release  rate  for  crack  growth 
along  the  film-substrate  interface.  (2)  The  effect  of  microstructure  and  of  stress  relax¬ 
ation  by  diffusional  creep  during  the  growth  of  a  thin  film  on  the  residual  stresses  pres¬ 
ent  in  the  film;  and  (3)  the  thermal  conductivity  in  film-substrate  assemblies,  and  the 
issue  of  extracting  film  thermal  properties  finrn  composite  measurements.  The  relation 
between  bulk  and  thin  film  values  of  the  thermal  conductivity  is  discussed.  The  issue 
of  inteifacial  thermal  resistance,  which  may  lead  to  interfacial  temperature  drops  of  the 
order  of  0.6°  K  is  also  addressed,  and  discussed  in  view  of  the  inhomogeneous  interface 
in  films  deposited  by  electron  beam  evaporation  or  ion  beam  sputtering. 

Key  words:  Thermomechanics,  thin  films,  interfaces 


INTRODUCTION 

The  design  of  film-substrate  assemblies  for  elec¬ 
tronic,  optical,  or  magnetic  applications  must  ad¬ 
dress  a  variety  of  problems  regarding  the  mechan¬ 
ical  and  physical  properties  of  thin  films.  It  is  well 
known  that  the  stress  in  thin  films  may  be  due  either 
to  differential  thermal  mismatch  between  film  and 
substrate  (thermal  stress),  or  it  may  be  an  intrinsic 
stress  which  arises  during  the  deposition  process  it¬ 
self.  In  addition,  the  film  may  be  subject^  to  ther¬ 
mal  loads  such  as  the  ones  arising  during  the  laser 
damage  or  laser  processing  of  films.  It  is  thus  clear 
that  ^th  mechanical  and  thermal  properties  must 
be  measured,  and  that  in  a  given  application  there 
is  an  interplay  between  thermal  and  mechanical 
loads.' 

We  review  several  issues  in  this  report  which  ad¬ 
dress  the  thermomechanical  properties  of  thin  films. 
The  first  issue  is  the  interplay  be^een  the  film  stress 
and  the  fracture  toughness  of  the  interface,  with  the 
goal  of  establishing  either  a  critical  thickness  for  a 
given  film  stress,  or  the  opposite,  at  fracture.  The 
issue  has  been  addressed  in  detail  in  a  recent  re¬ 
view  article  by  Evans  et  al}  where  several  other  im¬ 
portant  considerations  are  addressed;  For  example, 
the  fact  that  the  crack  may  not  grow  along  the  in¬ 
terface,  but  at  some  distance  below  the  interface,  or, 
for  a  brittle  film  on  a  ductile  substrate,  the  fact  that 
extensive  ductility  may  accompany  crack  growth. 
For  the  issue  of  bimaterial  brittle  fracture,  the  reader 
is  referred  to  the  articles  by  Rice,*  or  by  Hutchinson 
et  al.;*  for  small  scale  yielding  to  the  article  by  Shih 
and  Asaro';  for  cracks  on  bicrystal  interbees  to  the 
article  by  ^  and  Basaani.* 

Stress  concentrations  may  arise  in  geometries 
other  than  those  involving  cracks.  For  example,  the 
issue  of  crack  nucleation  near  tiie  free-edge  of  a  film 
bonded  to  a  substrate  is  related  to  the  strMS  con¬ 
centration  that  may  develop  in  a  notch  involving  a 
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bimaterial  interface.  The  issue  of  elastic  notches  in 
isotropic  bimaterials  has  been  addressed  by  Hein  and 
Erdogan.^ 

Most  of  these  analyses  examine  the  notch  or  crack 
from  the  point  of  view  of  bimaterial  interbees,  so 
that  the  film  thickness  does  not  enter  the  analysis. 
The  stress  distribution  in  thin  films,  with  account 
given  to  the  film  thickness,  has  been  addressed  by 
Aleck,*  by  Zeyfang,*  and  by  Suhir'*  for  elastic  iso¬ 
tropic  materials.  The  stresses  in  anisotropic  films 
have  been  calculated  by  Lambropoulos  and  Wan," 
who  showed  that  anisotropy  leads  to  higher  stresses. 
For  a  plastically  deforming  film  material  bonded  to 
a  stiff  substrate,  Lambropoulos  and  Wan"  have 
shown  that  the  inelastic  defonnation  is  localized  near 
a  film  free  edge  and  within  a  diffuse  zone  along  the 
film-substrate  interface  in  a  manner  similar  to  the 
creation  of  interfacial  dislocations  in  epitaxial 
structures.  All  these  works  thus  identify  the  film- 
substrate  interbee  as  a  region  of  high  stresses. 

A  basic  assumption  in  the  thin  film  studies  men¬ 
tioned  above  is  ^at  the  far  field  film  stress  is  uni¬ 
formly  distributed  through  the  thickness  rf  the  film. 
This  is  not  the  case  when  stress  relaxation  occurs 
during  tiie  growth  of  the  film.  The  second  issue  ad¬ 
dressed  in  this  report  is  the  effect  rf  stress  relaza- 
tion  by  grain-boundary  diffusion  (Coble  creep)  and 
by  bulk  diffusion  (Nabarro-Herring  creep)."  A  sim¬ 
ple  model  is  presented  which  accounts  for  the  mi- 
crostructure  of  thin  films  as  proposed  by  Movchan 
and  Demchiahin"  and  by  Thmnton,'**'*  whereby  at 
temperatures  less  than  about  0.46-0.5  on  the  ho¬ 
mologous  scale  the  film  consists  of  equiaxed,  colum¬ 
nar  grains  perpendicular  to  the  interbee.  The  model 
is  used  to  construct  a  composite  length  scale  uiuch 
depends  on  the  material  pitqwrties  of  the  film,  and 
on  growth  parametm  niA  as  the  temperature,  rate 
of  growth,  and  grain  size  parallel  to  the  interbee. 
When  this  lengUi  scale  exceeds  the  film  thickness, 
relaxatira  effects  are  important  The  data  finm  Fn^ 
and  Ashby"  on  used  in  ordo'  to  estimate  this  crit¬ 
ical  length  acale  for  a  variety  of  metals. 

The  interplay  between  medhanical  and  thmnal 
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propertinB  is  addressed  in  the  third  topic  reviewed 
whicb  cHDcems  the  measurement  of  the  thermal 
conductivity  of  thin  films.  Such  measurements  are 
importSBft  since  it  has  been  established  that  when 
the  film  tdiickness  is  less  than  about  one  micron,  the 
film  ooK&uctivity  is  considerably  lower  than  that  of 
the  anmgwnding  bulk  solid.  Thus,  in  correlating 
thermal  boads  (such  as  the  critical  energy  density 
for  laaer  (damage  of  thin  films)  to  critical  thermo- 
mechaoical  material  parameters  (such  as  the  tem- 
peratuie  at  damage,  or  the  fiacture  toughnms  of  the 
interface)'  the  bulk  values  are  not  appropriate.  The 
interplay-  -between  thermal  and  mechanical  loads  is 
discuiiiBedi  in  the  review  article  by  Nakayama,*^  and 
in  the  teact  edited  by  Bar-Cohen  and  Kraus.*  The 
issue  oftihermal  conductivity  measurements  is  also 
reviewed  -by  Guenther  and  Mclver.** 

We  present  an  overview  of  a  non-destructive 
method  rased  by  Lambropouloe  et  al.^*  to  measure 
the  thermal  conductivity  of  thin  dielectric  films  (ox¬ 
ides  and  ffluorides),  and  to  extract  the  film  thermal 
property  finm  the  measurement  of  the  composite 
propertisB.  Estimates  are  presented  for  the  volume 
fiaction  olf  voids  necessary  to  induce  the  measured 
reductuBi  from  the  bulk  value,  and  although  these 
estimates  are  comparable  to  the  void  fractions  pre¬ 
dicted  fiom  atomistic  models  of  non-equilibrium  film 
growth,  it  is  not  clear  whether  or  not  the  enhanced 
porosity  otf  films  is  the  only  reason  for  the  reduced 
thennal  cnnductivity.  This  technique  also  allows  the 
detenmaration  of  the  interfacial  thermal  resistance, 
ije.  the  lahio  of  temperature  drop  to  power  fliu  across 
the  inteifiace,  and  some  correlations  of  this  quantity 
to  the  raerasured  power  fluxes  are  discussed. 


INTEBFACIAL  FRACTURE  IN  THIN  FILMS 

Consider  a  film  of  thickness  t  which  is  bonded  to 
a  semi-inMinite  substrate.  A  Cartesian  coordinate 
system  Z|.  xj,  X3  is  used  such  that  the  film-substrate 
interfiMe  is  at  X3  =  0.  The  axis  Xi  lies  in  the  film- 
substrate  interface.  The  film  and  substrate  are  lin- 
^  elastic  and  isotropic  materials,  each  character- 
ixed  ha  own  Young’s  modulus  and  Poisson  ratio. 
Tte  fibs  is  assumed  to  be  in  a  state  of  balanced 
biaxial  taassion  or  compression  in  the  plane  of  the 
film.  The  sRtate  of  stress  is  characterized  by  the  mis¬ 
fit  strain  which  may  be  identified  with  the  dif¬ 
ferential  tlaermpl  miamatdi  strain  between  film  imd 
substrate,  ao  Uiat 

*  (or  -  og)  AT  (1) 

where  AT  is  the  difference  between  the  film  depo- 
titimi  and  SKtual  temperatures,  may  sdao  be  uten- 
tified  with  an  ^itax^  mismatch  strain,  or  with  a 
misfit  tinsin  pving  rise  to  intrinsic  stress  during 
the  film  dafposition  process. 

IhM  te  fact  t^t  the  film  thickness  is  much 
tham  any  dimension  of  the  rapporting  sub- 
terate  tu  tend  cn  both  vanish  far  frmn  any  iahran- 


ogeneities  such  as  free  edges  or  interfacial  cracks 
so  that 


cji  =  0  = 


O’!!  -  W33 


where  E,  v  are  the  elastic  properties  of  the  film. 
Hence,  the  far  field  state  of  stress  is  t^t  of  bal¬ 
anced  biaxial  tension  or  compression  given  by 


E 

“  ®S3  —  O-Q  ■*  —  - - C 

1  -  V 


T 


(3) 


We  consider  a  crack  of  length  a  which  lies  along  the 
film-substrate  interface  with  a  crack  tip  at  Xi  =  Xj 
=  0.  The  imcracked  material  is  at  Xj  >  0.  Tbe  crack 
may  be  internal,  or  it  may  extend  to  the  outer  edge 
of  &e  film. 

It  has  been  shown  by  Rice’  and  by  Hutchinson  et 
al.*  finm  an  asymptotic  stress  analysis  (tmder  the 
assumption  of  plane  strain  or  plane  stress  defor¬ 
mation  in  the  xj  direction)  in  the  vicinity  of  the  crack 
tip  in  a  bimaterial  interface  that  along  the  crack 
line  X2  0,  Xi  >  0  the  stress  distribution  is  given 
by 


((r22  +  w-i*)«.o  =  ^  (4) 

VW 

with  ■  cos  (c/nr)  -f-  itin  (elnr)  and  where  r  is  dis¬ 
tance  from  the  crack  tip,  0  measures  the  angle  finm 
the  crack  line  ahead  of  the  crack  tip,  and  K  =  ki  + 
ik2  is  a  complex  stress  itensity  factor,  and  t  is  the 
imaginary  unit.  The  asynqrtotic  analysis  shows  that’ 


'Ml  Mi' 


where  n  is  the  shear  modulus,  and  k  -  3  -  4('  for 
plane  strain  and  (3  -  v)/(l  +  v)  for  plane  stress, 
with  y  denoting  the  Poisson  ratio.  In  this  expression 
1  denotes  the  film  material,  and  2  denotes  the  sub¬ 
strate.  The  magnitude  of  is  unctetermined  ftxnn 
the  asymptotic  analysis. 

The  crack  opening  diqilacements  are  given  by* 

(C,-»-C,)ffr>*  yj^ 

A  (ttj  iu,)  =  —  — :  - — ;  (6) 

2  (1  -f  2  ic)  cosh  (sc) 

where  we  have  denoted  A  ()  ■  ()•_,  -  O*.-*.  The 
energy  release  rate  per  unit  new  crack  area  is  given 
hy* 
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(ci  +  C2)  K  K 
IGcosh^  (ire) 


behind  the  crack  tip,  the  energy  release  rate  G  can 
be  calculated  analytically  from 


where  c,  =  (k,  +  D/m.  for  i  =  1,  2  and  the  overbar 
denotes  the  complex  conjugate.  For  a  homogeneous 
solid  (ci  =  C2,  e  =  0)  K  =  Ki  +  iKa  with  I  and  II 
denoting  the  corresponding  modes.  When  1  is  elas¬ 
tic  but  2  is  rigid,  then  e  =  0.094  and  0.12  under, 
respectively,  plane  strain  or  plane  stress  conditions 
wilh  V  =  0.3.  Rice^  discusses  extensively  the  units 
of  measuring  K,  and  he  has  shown  that  the  largest 
value  of  c  is  0.175. 

In  order  to  determine  the  stress  intensity  factor 
K,  it  is  required  to  solve  the  complete  boundary  value 
problem  for  an  interfacial  crack.  The  stresses  and 
displacements  are  calculated  by  using  flnite  ele¬ 
ments  with  linear,  4-noded,  isoparametric  rectan¬ 
gular  elements.  The  stress  intensity  K  =  ki  +  ik2 
can  be  calculated  either  from  the  stress  distribution 
along  8  =  0  of  Eq.  (4),  or  from  the  displacement  dis¬ 
tribution  along  B  =  ±fr,  see  Eq.  (6).  For  the  case  of 
the  stress  distribution  along  8  =  0,  the  numerically 
computed  stresses  are  multiplied  by  in  order  to 
remove  the  strong  singularity.  The  result  is 


wAa 


(10) 


where  w  is  the  thickness  in  the  Xs  direction  and  AU 
is  the  change  in  the  strain  energy  of  a  volume  ele¬ 
ment  u;  by  f  by  do  when  this  element  is  transported 
^m  X,  =  +ao  (where  it  is  in  a  state  of  biaxial  ten¬ 
sion  or  compression  along  the  xi  and  Xj  directions) 
to  -00  (where  it  is  in  a  state  of  tension  or  compres¬ 
sion  along  the  Xj  direction  only.)  The  result  is 


G  = 


(1  -  |/^) 
2B 


(11) 


If  we  assume  that  *33  =  0  ahead  of  the  crack  tip  but 
<^33  ~  0  behind  the  crack  tip,  the  energy  release  rate 
is  found  to  be 


G 


Opt 

2E 


(12) 


tTjjVr  =  (AjCOs(«//ir)  -  k2sin(elnr)]/y/^ 
o',2Vr  =  (A,sin(«/nr)  +  kiCOs(elnr)]/\/^  (8) 

SO  that  *1  and  Aj  can  be  determined  for  each  value 
of  r  by  solving  the  equations  above.  A  similar  pro¬ 
cedure  can  be  follow^  when  the  numerically  com¬ 
puted  crack  opening  displacements  are  used  instead 
of  the  stresses.  When  the  variation  of  the  computed 
*1  and  *2  is  now  plotted  vs  r,  it  is  found  that  as  r-»0, 
the  two  approaches  give  identical  results  for  *,  and 
*2-  Finally,  the  energy  release  rate  is  computed  frnm 
Eq.  (7). 

For  the  case  of  a  double  edge  crack  in  a  film  of 
length  lOt  in  the  X|  direction  and  bonded  to  a  rigid 
substrate  under  plane  strain  conditions  in  the  X3  di¬ 
rection  (€33  =  0),  it  was  found  that  the  energy  re¬ 
lease  rate  varied  from  0.9  to  1.0  ojd  -  v*))t/2E 
when  a/t  varied  fram  0.5  to  3.0.  In  this  notation  tr, 
is  the  far  field  uniform  stress,  which  is  defined  by 
Eq.  (3).  For  a/t  =  3  it  was  also  found  that 

*3/*!  =  2.7  (9) 

implying  that  the  shear  stress  effects  along  the  in¬ 
terface  dominate  over  the  normal  stress  effects. 

For  the  case  of  an  internal  crack  of  total  length 
2a,  G  varied  from  0  to  0.1  oj  (1  -  ^)t/2E  as  a/t  var¬ 
ied  frtnn  0.5  to  3.0. 

The  computed  energy  release  rate  can  be  checked 
against  an  analytically  derived  energy  release  rate 
when  the  edge  cradt  is  semi-infinite.  When  a  >  t, 
for  an  observer  stationary  with  respect  to  the  crack 
tip,  the  stress  field  does  not  duinge  when  the  crack 
advances  by  Aa.  Under  such  steady-state  condi¬ 
tions,  and  assuming  that  ci,  =  0  both  ahead  and 


It  is  clear  from  the  discussion  above  that  any  three 
dimensional  effects  have  been  neglected  in  comput¬ 
ing  the  stress  distributions  near  the  crack  tip. 

Assuming  that  the  crack  grows  when  G  =  G„ 
where  Gc  is  the  fractiu«  tougWss  of  the  interface, 
it  is  concluded  that  the  critical  value  of  the  far  field 
film  stress  at  fracture  is  given  by 

^  /  2EGc 

Viewed  in  another  way,  we  condude  that  for  a  given 
far  field  internal  stress,  there  is  a  critical  thickness 
tt  above  which  the  interface  crack  will  grow,  so  that 
thick  films  are  intrinsically  more  unstable  than 
thinner  films.  For  other  film-substrate  combina¬ 
tions,  we  refer  to  the  work  by  Evans  et  al?  It  is  ob¬ 
vious  that  the  simple  analysis  leading  to  Eq.  (13) 
does  not  distinguish  between  the  normal  and  shear 
contributions  to  the  crack  growth  behavior.  To  do 
80,  the  exact  mechanism  of  crack  growth  is  re¬ 
quired. 

A  basic  assumption  in  the  analysis  presented  above 
has  bei>n  that  the  far  field  stress  is  uniformly  dis¬ 
tributed  through  the  film  thickness,  so  that  the  av¬ 
erage  (through  the  thickness)  film  stress  is  inde¬ 
pendent  of  the  film  thickness.  We  next  turn  to  the 
issue  of  stress  relaxation  during  the  growth  of  the 
film,  and  on  its  effect  on  the  average  film  stress. 

STRESS  RELAXATION  BY  DIFFUSION 
DURING  FILM  GROWTH 

The  structure  of  vacuum-deposited  films  depends 
on  parameters  such  as  inddent  film  flux,  the  film 
atom  adsorption  probability,  the  density  of  surface 
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sites,  and  the  adatom  surface  mobility.  These  pa¬ 
rameters  depend,  in  turn,  on  the  film  atom  energy 
and  angle  of  incidence,  the  exposed  crystallographic 
surfaces,  and  most  important  the  temperature  of  the 
substrate.  Movchan  and  Demchishin**  examined 
films  of  Ni,  Ti,  W,  AljOj,  and  ZtOg,  and  they  have 
divided  the  T/T*  scale  (T„  being  the  melting  point 
of  the  film  material)  into  three  zones:  Zone  1  (T/T„ 

<  0.25-0.30)  consisting  of  tapered  oystalites  of  width 
which  increases  with  T;  Zone  2  (0.25-0.3  <  T/T* 

<  0.45)  consisting  of  columnar  grains  with  a  smooth 

surface;  and  Zone  3  >  0.45)  coiuisting  of 

equiax^  grains.  Thornton*  has  examined  sput¬ 
tered  films  of  Mo,  Cr,  Ti,  Fe,  Cu,  and  A1  and  ob¬ 
served  microstructures  consistent  with  the  three-zone 
model  of  Movchan  and  Demchishin. 

The  small  grain  size  of  thin  films  implies  that  in¬ 
elastic  stress  relaxation  mechanisms  which  are  ob¬ 
served  in  bulk  matarials  at  high  temperatures  may 
be  actually  operative  in  thin  films  at  much  lower 
temperatures.  Murakami^  has  shown  that  a  large 
part  of  the  deformation  mechanism  map  of  Pb  films 
of  grain  size  0.2  and  film  thickness  0.5  (im  is 
occupied  by  grain-boundary  difiusional  flow.  Simi¬ 
lar  conclusions  have  been  derived  by  Koleshko  et  al. 
for  Al  films.** 

In  order  to  examine  the  effect  of  the  microstruc¬ 
ture  and  growth  parameters  on  diffusional  flow 
during  the  growth  of  a  thin  film,  we  observe  that 
the  total  strain  for  a  film  growing  onto  a  thick  sub¬ 
strate  must  vanish  due  to  the  geometrical  con¬ 
straint  of  the  non-dei'orming  substrate,  thus 

0  =  «•  -^  e*'  e'P  (14) 

where  the  first  term  is  the  elastic  strain,  the  second 
term  is  the  misfit  strain  which  induces  the  stress 
in  the  film  and  is  assumed  to  be  independent  of  the 
film  thickness,  and  the  third  term  is  the  creep,  or 
inelastic  strain.  The  elastic  strain  is  given  by 

1  —  V 

tr  (15) 

E 

(£,  V  being  the  Young’s  modulus  and  Poisson  ratio, 
respectively)  and  the  creep  strain  is  given  by 

«^=  f  ^dt,  €^=  €o—  (16) 

Jit/Pt  ^*0 

for  a  material  particle  located  at  a  distance  X2  above 
the  interface  of  a  film  whose  thickness  h  increases 
linearly  with  time  at  the  rate  po-  For  the  inelastic 
constitutive  expression  we  assume  that  either  grain- 
boundaiy  (Coble  creep**)  or  bulk  (Nabarro-Herring 
creep**~^)  diffusion  operates,  so  that 


where  h  is  the  current  thickness  of  the  film  (A  = 
Po^)  which  is  identical  to  the  grain  size  perpendic¬ 
ular  to  the  interface  according  to  the  model  of  Mov¬ 
chan  and  Demchishin,**  and  d  is  the  grain  size  par¬ 
allel  to  the  interface.  It  is  assumed  fltot  d  remains 
constant  during  growth,  llie  constants  B,  and  are 
approximately  equal  to  10,  from  the  work  of  Gibbs,*^ 
and  DtS  and  D„  are  the  temperature  dependent  dif- 
fiisivities  for  grain-boundary  and  bulk  diffusion,  re¬ 
spectively.  The  material  constant  <to  =  kT/fl  where 
fi  is  the  atomic  volume. 

Let  the  current  film  thickness  be  hf,.  We  non- 
dimensionalize  the  stress  by  oq,  the  strain  by  <ro/E, 
and  time  by  ho/po,  so  that  Eq.  (12)  becomes 


(T  e 

0  =  (1  -  V)--!-— — 
CTiO  (i7o/j&) 


^  E  B,  (D^S)  f  *  (o/oq)  ^  / tpo\ 
Ob  J„/*o(k//>o)*  \ko/ 


(18) 


for  the  case  of  grain-boundary  diffusion,  which  is 
expected  to  dominate  at  lower  temperatures.  A  sim¬ 
ilar  expression  can  be  derived  for  bulk  diffusion. 
From  Eq.  (18)  it  becomes  clear  that  the  elastic  and 
misfit  strains  are  of  the  same  order  of  magnitude, 
and  that  the  creep  strain  via  grain-boundary  dif¬ 
fusion  is  proportional  to  tbe  non-dimensional  num¬ 
ber  N  defined  by 


EB.iD^S)  I  (D,S) 

(To  h^tfipo  ko  <To  rfpo 


(19) 


where  /  is  a  length  scale  which  depends  on  material 
properties  and  on  the  growth  parameters  d  and  po. 
When  N  >  \  {otI>  ho),  the  effect  of  grain-bound^ 
diffusion  is  important  in  relaxing  Uie  stresses  in¬ 
duced  by  the  misfit  c^. 

To  estimate  the  length  scale  /,  we  used  typical 
ranges  of  film  growth  parameters:  po  =  0.1  to  10 
nm/s  and  d  =  20  to  500  nm.  For  the  diffiuivities 
we  used  the  data  from  Frost  and  Ashby.**  Thus,  the 
range  of  values  of  po  and  d,  via  Eq.  (17),  allows  flie 
cal<^ation  of  a  minimum  and  maximum  value 

I, _ for  the  parameter  I,  which  are  riiown  below  in 

Table  1.  Depending  on  the  growth  temperature,  grain 
size  d,  and  growth  rate  po,  it  is  seen  fi^m  Table  1 
that  the  effect  of  grain-boundary  diffusion  may  be 
considerable. 

For  the  FCC  metals  the  ratio  E/<ro  ranges  finm  2 
X  10*  to  5  X  10*,  with  the  exception  of  lead  where 
E/vo  is  about  1  x  10*.  For  the  HCP  metals  £/ob 
ranges  from  1  x  10*  to  5  x  10*,  with  the  exception 
of  Ti  where  E/<ro  is  one  order  of  magnitude  lower. 
Expending  on  the  misfit  strain  ^  the  relative  mag¬ 
nitude  of  tile  elastic  strain  can  thus  be  calculated 
via  Eq.  (18). 

Altimugh  tbe  assumption  has  been  made  that  grain 
size  d  remains  constant  during  growth,  this  is  not 
necenarily  so.  Goyal  et  al.^  have  shown  for  Ni  films 
grown  by  thmmal  evaporation  tm  Si  subsfrates  t^t 
the  grain  size  d  increases  linearly  with  film  thick- 


Thermomechanics  of  Thin  Films  and  Interfaces 


899 


Table  1.  Values  of  and  Immm  (units  of  microns)  for  some  temperatures  for  some  fee 
and  bee  metals,  llie  material  data  for  the  diffiisivities  are  from  Frost  and  Ashby.** 


T  = 

300  K 

T  = 

400K 

T  = 

500  K 

T„(K) 

Lu, 

Abax 

Adib 

FCC 

Ni 

1726 

4£-ll 

lE-7 

4£-6 

l£-2 

2£-3 

5 

Cu 

1356 

2E-9 

5£-6 

6£-5 

0.2 

0.02 

50 

Ag 

1234 

6E-1 

0.002 

0.004 

10 

0.8 

2,000 

A1 

933 

8E-5 

0.2 

0.2 

500 

40 

1£  +  5 

Pb 

601 

8E-2 

200 

40 

1£  +  5 

2£  +  3 

BE  +  6 

HCP 

Zn 

693 

4 

1£  +  4 

1,000 

2£  +  6 

4£  +  4 

1£  +  8 

Cd 

594 

100 

3£  +  5 

2£  +  4 

6£  +  7 

4£  +  5 

1£  +  9 

Mg 

924 

0.004 

10 

400 

1£  +  6 

4,000 

1£  +  7 

alpha-Ti 

1933 

1.5£-5 

8£-5 

0.2 

0.02 

50 

beta-Ti 

1933 

2F-16 

2£-13 

5£-10 

2£-9 

5£-6 

ness  (from  about  5  nm  at  a  thickness  of  50  nm  to 
about  30  nm  at  a  thickness  of  500  nm).  Such  a  fea¬ 
ture  can  be  easily  included  into  the  analysis. 

Since  the  film  thickness  (and,  correspondingly  the 
grain  size  d,  since  d{d)/d(.h)  >  0)  increases  contin¬ 
uously  during  growth,  the  main  consequence  of  Eq. 
(17)  is  that  grain-boundary  diffusion  is  most  impor¬ 
tant  for  thin  films,  so  that  in  the  early  stages  of 
growth  we  expect  the  stress  due  to  the  misfit  to  be 
largely  relax^.  When  the  film  gets  to  be  thicker, 
diffusion  is  diminished,  so  that  for  a  given  thick¬ 
ness  of  the  film,  it  is  anticipated  that  the  largest 
stress  will  be  localized  near  the  fi^  surface  rather 
than  near  the  film-substrate  interface  where  the 
stress  has  been  relaxed  by  creep  in  the  early  stages 
of  growth.  As  a  fiirther  consequence,  the  average  of 
the  stress  through  the  thickness  of  the  film  is  ex¬ 
pected  to  be  a  diminishing  function  of  the  film 
thickness,  in  agreement  with  experimental  obser¬ 
vations.*® 


THERMAL  CONDUCTIVITY  OF  THIN 
FILMS  AND  INTERFACES 

The  thermal  conductivity  of  thin  films  is  often  a 
strong  function  of  the  film  thickness.  Nath  and 
Chopra**  found  that  for  Cu  filnu  thinner  than  about 
1  micron  the  bulk  conductivity  values  were  not  ap¬ 
propriate.  Boikov  et  cd.^  Btu<Led  the  thermal  con¬ 
ductivity  of  Ag  and  A1  films,  and  Ogden  et  al*  the 
conductivity  of  anodic  oxide  coatings  of  A1  of  thick¬ 
ness  in  the  range  25-110  microns.  The  common 
conclusion  is  that  thin  films  exhibit  a  oonaiderably 
lower  thermal  conductivity  than  bi^  materiala,  and 
that  a  significant  interfacial  thermal  resistance  de¬ 
velops  across  the  interfoce  of  thin  films  bonded  to 
substrates.  A  comprehensive  review  of  thermal  con¬ 
ductivity  measurements  of  thin  films  has  been  re¬ 
cently  given  by  Guenther  and  Mdver.'* 

For  dielectric  films  (such  as  oxides  and  fluorides) 
the  low  film  tlwrmal  conductivity  leads  to  impor¬ 
tant  implications  about  the  laser  damage  resistance 
of  such  coatings.  The  energy  density  at  damage  E, 
is  given  by*' 


E,  ~  T,  Vpc^t^  (20) 

where  is  the  temperature  level  at  damage,  (typ¬ 
ically  the  melting  point  of  the  material),  p  is  the 
density,  the  heat  capacity,  k  the  thermal  conduc¬ 
tivity,  and  tp  the  laser  pulse  length  which  causes 
damage.  Relationship  (20)  results  fiom  the  work  of 
Goldenberg  end  Tranter*"  who  analyzed  the  time 
dependent  heat  transfer  due  to  a  spherical  absorb¬ 
ing  inclusion  embedded  within  an  infinite  nonab¬ 
sorbing  matrix.  Although  Cp  and  p  of  optical  thin 
films  are  close  to  those  of  the  bulk  solids,  this  is  not 
the  case  for  the  thermal  conductivity  k  which,  being 
considerably  lower  for  thin  films,  leads  to  lower  val¬ 
ues  for  the  damage  threshold  energy  densities. 

The  heat  comparator  is  a  technique  which  allows 
the  rapid  determination  of  the  heat  conductivity  of 
bulk  solids  by  bringing  in  contact  a  heated  probe 
tip  (of  approximate  diameter  200-300  pm)  and  the 
cooler  solid.  The  temperature  drop  in  the  tip  is  di¬ 
rectly  related  to  the  thermal  conductivity  ci  the  solid, 
which  can  thus  be  measiued.  The  technique  was 
modified  at  the  Laboratory  for  Laser  Energetics  at 
the  University  of  Rochester  to  measure  the  thermal 
conductivity  of  thin  films*'  of  thickness  h  in  the  mi¬ 
cron  and  submicron  range.  Denoting  by  k,,p  the  value 
as  measured  by  the  thermal  comparator,  by  kpg  the 
thermal  conductivity  of  the  film  and  any  interfaces, 
and  by  kr  the  film  conductivity  of  the  film  material 
itself,  Lambropoulos  et  al}*  have  used  the  work  of 
Dryden'*  on  the  heat  transfer  of  film-substrate  as¬ 
semblies  to  show  that  can  be  extracted  from  k^ 
via 


kgir  4  h  kg/ 

where  o  is  the  heat  flow  radius,  and  ks  is  the  con¬ 
ductivity  of  the  substrate.  Equation  (21)  is  valid  vdien 
h  <  a  and  k^  <  ks,  so  that  it  can  be  used  for  thin 
films  of  low  then^  conductivity.  Otherwise,  the 
relation  between  k,,p  and  kps  is  more  cranplex,  al- 
thou^  it  is  still  easy  to  use7' 

W^n  k,s  u  determined  fit>m  (21),  the  film  con- 
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ductivity  kr  and  the  interfacial  thermal  resistance 
Ri^  (which  is  the  ratio  of  the  temperature  drop  across 
to  the  power  flux  through  the  interface)  can  be  de¬ 
termined,  respectively,  as  the  inverse  of  the  slope 
and  the  intercept  in  a  plot  of  h/k^  vs  h. 

Typical  results  for  a  wide  range  of  oxide  and  flu¬ 
oride  films  deposited  by  electron  beam  evaporation 
and  by  ion  beam  sputtering  show  that  the  film  con¬ 
ductivity  is  considerably  lower  than  that  of  the 
bulk.**  For  Si02  films  on  Si  the  film  conductivity 
was  found  to  be  0.4-0.6  W/m/K  (bulk  value  of  1.2- 
10.7  W/m/K);  For  TiOj  films  on  Si,  kp  =  0.5-0.6 
W/m/K  (bulk  value  7.4-10.4  W/m/K);  For  AI2O3 
on  Si,  kp  =  0.72  W/m/K  (bulk  value  20-46  W/m/ 
K);  For  MgF2  films  on  Si,  kf  =  0.58  W/m/K  (bulk 
value  14.6-30  W/m/K).  The  measured  interfacial 
thermal  resistance  was  in  the  range  of  0-3  K/(W/ 
mm*)  for  the  materials  examined.  Swartz  and  Pohl*^ 
have  measured  the  interfacial  thermal  resistance  of 
metal-oxide  interfaces  and  have  found  values  in  the 
range  0.01-1.0  K/(W/mm*)  at  about  200  K.  From 
extrapolating,  their  re^ts  seem  to  be  valid  at  higher 
temperatures. 

To  examine  whether  or  not  these  reduced  values 
may  be  due  to  the  increased  mrosity  of  the  film,  we 
use  the  work  of  Budiansky^  who  calculated  the 
thermal  conductivity  of  a  composite  containing 
spherical  inclusions  by  using  the  self-consistent 
sdieme.  Budiansky  found  that 


3c. 


3(1-  c.) 


=  1 


(22) 


where  ki,  k^,  k  are  the  thermal  conductivities  of  the 
inclusions,  of  the  matrix,  and  of  the  composite,  re¬ 
spectively,  and  c.  is  the  volume  concentration  of  the 
inclusions.  Assuming  that  the  spherical  inclusions 
for  the  case  of  films  are  voids,  the  composite  con¬ 
ductivity  (k^  in  our  case)  is  related  to  the  conduc¬ 
tivity  ko  corresponding  to  the  completely  dense  solid 
by 


where  c  is  the  volume  fraction  of  the  voids.  This 
equation  implies  that  at  a  void  fraction  of 0.667,  the 
conductivity  of  the  film  essentially  vanishes. 

The  grov^  of  thin  films  has  been  modelled  nu¬ 
merically,  and  a  comprehensive  review  for  optical 
films  can  be  found  in  the  work  of  Bartholomeusz.** 
Muller**  has  calculated  the  packing  density  in  thin 
films.  He  shows,  for  example,  that  for  an  angle  of 
incidence  of  30  degrees  during  deposition,  the  pack¬ 
ing  density  is  about  0.8  when  T  <  400  K.  Above 
that  temperature  atom  sur&oe  migration  sets  in,  and 
a  structural  change  occurs,  so  that  at  about  450  K 
maximum  packing  is  obtained.  For  an  angle  of  in¬ 
cidence  of  SO  degrees,  the  low  temperature  packing 
density  is  betweai  0.6  and  0.6,  it  starts  to  increase 


at  about  400  K,  and  it  becomes  1.0  at  about  500  K. 
Thus,  packing  densities  in  the  range  of  0.5  to  1.0 
are  realistic  in  the  case  of  deposited  films,  and  they 
are  compatible  with  the  high  porosity  required,  fiiom 
Eq.  (23),  for  the  low  measui^  value  of  the  film 
thermal  conductivity. 

Typical  data  for  the  laser  damage  threshold  of  thin 
oxide  and  fluoride  films  are  in  the  rai^e  of  5-20 
J  /cm*  from  the  work  of  Walker  et  of  .®*^^U8ing  the 
maximum  value  for  the  interfacial  thermal  resis¬ 
tance  measured  by  the  thermal  comparator,**  thus 
gives  an  upper  boi^  on  the  temperature  dn^  across 
&e  film-substrate  interface  of  0.6  K. 

For  a  layer  of  thickness  and  with  thermal  con¬ 
ductivity  kat,  the  interfacial  thermal  resistance  is 

Ri^  =  ^  (24) 

*int 

so  that,  were  the  interface  made  of  silica  (wilii  con¬ 
ductivity  of  3  W/m/K),  the  corresponding  thickness 
would  be  about  9  microns.  The  interface  is  known 
to  create  a  large  density  of  voids,  and  work  is  under 
way  at  the  University  of  Rochester  to  try  to  corre¬ 
late  the  interfacial  void  density  to  the  details  of  the 
interfacial  heat  transfer  in  film-substrate  assem¬ 
blies.  It  is  expected  that,  for  a  given  areal  void  den¬ 
sity,  the  shape  of  the  voids  will  influence  the  inter¬ 
facial  thermal  resistance. 
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Analysis  of  thermal  stress,  fracture  strength,  and  the  effect  of  ion  exchange 
on  high  average  power  phosphate  glass  slab  lasers 

JohnC.  Lambropoulos 

Department  of  Mechanical  Enginttring,  University  of  Rochester,  Rochester,  New  York  14627 
(Receivet'  10  July  1989;  accepted  for  publication  27  October  1989) 

It  has  been  recently  demonstrated  that  it  is  possible  to  significantly  alter  the  maximum  power 
input  required  for  mechanical  failure  of  glass  used  for  high  average  power  laser  applications  by 
employing  an  ion  exchange  process  that  does  not  alter  the  optical  properties  of  the 
strengthened  glass.  We  present  the  analysis  of  the  thermal  stresses,  frwture,  and  strengthening 
for  the  experimental  geometry  used.  From  this  analysis  the  fracture  strength  of  the  untreated 
and  treat^  glass  can  be  estimated.  Some  suggestions  for  the  control  of  thermal  stresses  daring 
the  operation  of  solid-state  lasers  using  glass  slab  geometries  are  presented.  The  second  part  of 
this  report  presents  a  micromechanical  analysis  of  the  strengthening  effect  due  to  the  ion 
exchange  process  in  which  the  enhancement  in  fracture  strength  is  correlated  to  the  depth  of 
the  zone  in  which  ion  exchange  has  occurred,  to  the  length  of  microscopic  flaws  present  on  the 
surface  of  the  glass,  and  to  the  magnitude  of  the  microscopic  volume  expansion  due  to  the  ion 
exchange  process.  In  particular,  we  consider  the  cases  where  the  depth  of  the  treated  zone  is 
much  smaller  or  much  greater  than  the  depth  of  surface  flaws.  The  magnitude  of  the 
enhancement  in  fracture  strength  is  calculated  in  terms  of  these  microscopic  quantities  for 
some  material  properties  typical  of  phosphate  glasses. 


I.  INTRODUCTION 

Recent  technological  advances  in  high  repetition  rate 
solid-state  lasers  with  high  average  power  have  put  increas¬ 
ing  demands  on  the  development  of  so'id-state  laser  materi¬ 
als  with  increased  mechanical  strength  under  thermal  load¬ 
ing  conditions.'  Since  glass  is  an  inherently  brittle  material, 
it  is  imperative  to  control  the  size  of  microscopic  flaws  pres¬ 
ent  on  its  surface.  These  cracks  eventually  lead  to  the  final 
fracture  of  the  solid-state  laser  component.  There  are  several 
ways  to  reduce  the  effect  of  such  microscopic  cracks  while 
maintaining  high  thermal  loadings.  One  is  to  reduce  the  size 
of  the  flaws  on  the  glass  surface.  Such  a  method  requires 
extensive  and  expensive  polishing  procedures.  Another  is  to 
induce  a  compressive  residual  stress  on  the  surface  of  the 
glass  which  thus  tends  to  close  the  surface  microflaws.  This 
can  be  achieved  by  using  compressed  epitaxial  layers,^  poly¬ 
mer  films,’  or  chemical  treatments  such  as  ion  exchange.*  ’ 

It  has  been  recently  demonstrated  that  ion  exchange  can 
significantly  enhance  the  power  input  required  for  fracture 
in  commercially  available  Nd-doped  phosphate  glass.*  Ther¬ 
mal  loading  experimental  studies  of  160x  15x8  mm’  rec¬ 
tangular  slabs  showed  a  fivefold  to  sixfold  increase  in  power 
input  for  the  strengthened  samples  over  the  unstrengthened 
material.  One  important  conclusion  of  that  work  was  that 
the  optical  properties  of  the  strengthened  samples  were  very 
similar  to  the  properties  of  the  unstrengthened  samples,  thus 
making  ion  exchange  a  very  viable  technique  for  enhancing 
the  mechanical  properties  while  at  the  same  time  not  altering 
the  optical  properties  of  phosphate  glass  used  in  high  aver¬ 
age  power  solid-state  laser  applications.  It  must  be  men¬ 
tioned  that  one  of  the  conclusions  of  the  work  of  Cerqua  and 
co-workers*  was  that  the  ion  exchange  treatment  does  not 
heal  surface  microflaws:  Instead,  the  technique  creates  a  thin 
layer  of  compressive  stresses  on  the  surface  of  the  glass 
which,  therefore,  diminishes  the  driving  force  for  crack 


propagation.  This  force  results  from  the  superposition  of  the 
stresses  due  to  the  surface  compressive  layer  produced  by  the 
ion  exchange  and  of  the  thermal  stresses  due  to  the  applied 
thermal  load.* 

The  ion  exchange  process  has  been  known  to  improve 
the  mechanical  strength  of  brittle  materials.’  Nevertheless, 
when  such  a  technique  is  applied  to  phosphate  glasses  it 
creates  a  thin  white  film  on  the  surface  of  the  optical  compo¬ 
nent  which  deteriorates  the  transmission  of  power  to  the 
interior  host  material.  It  also  deteriorates  the  reflectivity  of 
multiply  reflected  laser  beams  in  the  interior  of  the  glass  slab. 
The  technique  of  Cerqua  and  co-workers*  showed  that  the 
ion  exchange,  if  carefully  controlled  and  performed,  pre¬ 
serves  the  optical  integrity  of  the  glass  surface,  thus  making 
strengthened  phosphate  glass  a  viable  alternative  to  solid- 
state  lasers  employing  crystalline  media,  such  as  aluminas 
and  garnets,  which  may  have  serious  size  limitations. 

It  is  the  objective  of  this  report  to  analyze  the  thermal 
stresses  during  the  thermal  loading  experiments  of  Cerqua 
and  co-workers,*  and  to  present  a  micromechanical  analysis 
that  correlates  the  enhancement  in  mechanical  strength  to 
the  variables  characterizing  the  ion  exchange  treatment  such 
as  the  depth  of  the  treated  zone  and  the  size  mismatch 
between  the  exchanged  ions.  The  report  is  presented  in  three 
parts:  first,  the  temperature  distribution  in  the  thermally 
loaded  glass  slab  is  determined  by  solving  the  steady-state 
heat  conduction  equation.  Second,  the  stresses  are  deter¬ 
mined  by  using  numerical  and  analytical  techniques.  The 
scaling  of  the  surface  stresses  with  a  nondimensional  Biot 
number  is  presented,  the  regions  of  maximum  stressing  are 
described,  and  the  specific  dependence  of  the  various  stress 
components  on  the  magnitude  of  the  thermal  load  is  dis¬ 
cuss^.  Third,  the  power  input  at  fracture  is  related  to  the 
mechanical  strength  of  the  strengthened  and  unstrength¬ 
ened  materials  and  the  size  of  the  critical  microflaws  is  esti¬ 
mated.  These  values  are  shown  to  lead  to  an  estimate  at  the 
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volume  expansion  due  to  the  ion  exchange,  and  to  the  vol¬ 
ume  concentration  of  the  ion  exchange  sites.  An  indepen¬ 
dent  estimate  of  the  depth  of  the  surface  layer  can  be  com¬ 
bined  with  the  parameters  derived  in  order  to  predict  from 
first  principles  the  magnitude  of  the  enhancement  in  fracture 
tougjmess  of  the  strengthened  material  over  the  unstrength¬ 
ened  glass.  Two  specific  cases  are  discussed:  when  the  flaw 
size  greatly  exceeds  the  treated  zone  size,  and  when  the  flaw 
size  is  much  smaller  than  the  depth  of  the  treats  zone.  It  is 
shown  that  the  induced  enhancement  in  fiacture  toughness 
may  easily  exceed  the  fracture  toughness  of  the  untreated 
glass,  and  therefore  the  possibility  of  partial  crack  closure  is 
discussed.  In  the  discussion  part  of  the  report  we  use  typical 
material  parameters  in  order  to  derive  some  figures  of  merit 
for  the  maximum  enhancement  in  fracture  toughness  due  to 
ion  exchange. 


I »  L.D 


II.  TEMPERATURE  DISTRIBUTION 

The  geometry  of  the  slab  is  shown  in  Fig.  1.  Due  to  the 
fact  that  the  axial  length  greatly  exceeds  the  cross-sectional 
dimensions,  it  is  obvious  that  far  from  the  faces  z  =  i;  1  the 
temperature  distribution  is  independent  of  z,  and  thus  satis¬ 
fies  the  heat  diflfusion  equation 

kV^T(xj>,t)  -f-  Q(.xj>,t)  =  pc  dT(xjfJ)/dt,  ( 1 ) 

where  k  is  the  thermal  conductivity,  p  is  the  density,  and  c  is 
the  specific  heat.  The  initial  condition  is  T(xjf,t  =  0)  =  T, , 
and  the  boundary  condition  is 

k3T/an  +  h(,T-T,)=d.  (2) 

In  Eqs.  ( 1 )  and  (2)  Q(x^,t)  is  the  power  per  unit  vol¬ 
ume  absorbed  by  the  glass  due  to  thermal  pumping.  is  the 
temperature  of  the  cooling  medium,  and  h  is  the  cooling 
coefficient  which  depends  on  the  cooling  medium.*  The 
boundary  condition  ( 2 )  holds  on  the  faces  of  the  slab  given 
by  X  =  ±L  and  y=±D.  The  temperature  T,  is  the  initial 
temperature  of  the  slab,  and  as  will  be  shown  later,  does  not 
affect  the  resulting  stresses. 

The  rate  of  energy  absorption  Q(x,)>,t)  is  a  periodic 
function  of  time  of  the  form’ 


Q{xj>,l)  =  Qo{x,y)  ^  5(/  -  mr),  +  l)r. 

I-O 

(3) 


where  the  spatial  variation  is  given  by  and  r  is  the  period 
of  the  repetition  rate  of  the  flashlamps  that  produce  the  ther¬ 
mal  load  on  the  glass  slab.  It  has  been  shown’  that  if  the 
period  r  is  sufficiently  low  as  compared  to  the  characteristic 


FIG.  1 .  Hie  geometry  of  the  thermally  pumped  glass  slab.  Due  to  symme¬ 
try,  only  the  shaded  region  was  used  in  the  numerical  calculation  of  the 
thermal  stresses. 


time  required  for  heat  to  diffuse  through  the  glass  slab,  then 
the  time  dependence  in  Eq.  ( 1 )  can  be  neglected,  so  that  the 
temperature  can  be  found  from  the  steady-state  heat  diffu¬ 
sion  equation 

kX^T(xo>)  -I-  Qo{xj>)  =  0  (4) 

under  the  boundary  condition  of  Eq.  (2). 

Following  the  analysis  of  Ref.  7,  it  can  be  shown  that  the 
minimum  frequency  of  flashing  for  which  the  steady-state 
approximation  is  valid  is  given  by 

/mm +L^/D^)/{pcL^),  (5) 

where  n  is  an  integer  that  has  a  value  of  approximately  5  or 
higher.  Such  a  value  is  required  in  order  to  make  time-depen¬ 
dent  effects  negligible.’ 

For  the  case  of  uniform  heat  deposition,  we  have  that 
Q(x,y)  =  Qo,  where  Qf,  is  constant.  Under  this  assumption, 
the  solution  to  the  steady-state  equation  of  (4)  under  the 
boundary  condition  (2)  has  been  given  by  Carslaw  and  Jae¬ 
ger"  as 


r-r. 

To 


=  i»-'  +  l(l 


-4B  ^  CO&  A.„x  cosh  A.„y,  (6) 

II  w  1 

where  the  coefficients  A„  are  given  by 


_ _ 

-|-sin2<i,)(>i,  sinhA.D/L  +BGOshA,J}/L) 


(7) 


The  numbers  A„  are  the  roots  of  the  transcendental 
equation^,  tanA„  =  A,  the  parameter  £  is  the  Biot  number 
defined  by 

B  =  hL/k,  (g) 

•nd  7*0  is  a  convenient  unit  for  measuring  changes  in  tem- 


In  Eq.  (6)  the  distances  x  and  are  measured  in  terms  of  the 
width  L  of  the  slab. 
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When  1,  it  is  easily  shown  that  the  temperature  be¬ 
comes 

r-r,  1,, 

To  2  B{\+D/L)  ' 

(10) 

whereas  when  B>  1  the  temperature  becomes 

_ _ 

To  2  1  +  w)cosh  irD/lL 

Xcos-^^^Uosh-^  + o(-^Y  (11) 

2  2  \B] 

It  is  thus  seen  that  when  the  cooling  rate,  as  given  by  the 
cooling  coefficient  h  or  the  Biot  number  B,  is  very  small  the 
temperature  increases  continuously.  This  is  to  be  expected 
because  for  small  B  the  cooling  rate  is  not  sufficient  to  re¬ 
move  the  power  deposition  represented  by  Qo-  On  the  other 
hand,  when  the  Biot  number  is  very  large,  the  temperature 
deposition  becomes  essentially  independent  of  the  Biot  num¬ 
ber.  We  also  note  that  due  to  the  rapid  decrease  of  the  coeffi 
cients  A„  in  the  series  solution  for  the  temperature,  a  few 
terms  in  the  infinite  sum  will  suf  ce  for  the  precise  numerical 
computation  of  the  temperature  distribution. 


III.  THERMOELASTIC  STRESSES 

Once  the  temperature  has  been  determined,  the  stresses 
can  be  calculated  as  well.  In  this  particular  report,  the  stress¬ 
es  have  been  calculated  under  two  modeling  assumptions. 
First,  that  the  faces  z  =  ±  1  are  completely  constrained 
against  displacement  in  the  z  direction,  so  that 

€„=0.  (12) 

The  other  situation  examined  corresponds  to  the  case  where 
the  slab  is  completely  unconstrained  against  displacement  in 
the  z  direction,  so  that  there  is  no  net  force  in  the  z  direction, 
i.e., 

d>a„=0.  (13) 

-L  Jym  -D 

In  either  case,  as  long  as  we  stay  away  from  the  end  faces 
z  =  ±  1  the  deformation  due  to  thermal  stresses  is  two  di¬ 
mensional  so  that  the  displacements  are  u(x^),v(x^)  in  the 
directions,  respectively. 

Under  the  plain  strain  conditions  expressed  in  Eq.  ( 12), 
the  constitutive  relation  for  the  thermoelastic  deformation 
of  the  slab  is* 

(14) 

where  T  measures  the  temperature  above  T,  and  the  sum¬ 
mation  convention  is  used  for  repeated  Greek  lower  case 
indices  which  take  the  values  x^. 

The  modified  thermoelastic  moduli  £  *,  v*,  and  a*  are 
related  to  the  actual  Young’s  modulus  £,  coefficient  of  ther¬ 
mal  expansion  a,  and  Poisson  ratio  v  for  the  case  of  plane 
strain,  Eq.  ( 12),  by  Ref.  9 

£•=£/(!  — v^),  a*=a(l-f-v),  v*  =  v/(l— v). 

(15) 


For  the  case  of  plane  strain,  Eq.  ( 1 2 ) ,  the  out-of-plane  com¬ 
ponent  of  stress  is  given  by 


=  v(<r„  +tr„)-  aET.  ( 16) 

On  the  other  hand,  in  order  to  calculate  for  the  case  of  no 
constraint,  it  is  necessary  to  first  calculate  via  Eq.  ( 16), 
and  then  to  subtract  the  average  value  (over  the  face 
—  L<x<  +L,  —  D<y<  +D)  of  the  stress  component 
<7q  .  This  procedure  leads  to  a  stress  distribution  that  satisfies 
Eq.  (13). 

It  is  interesting  to  note  that  the  in-plane  stresses  (r„t 
<r,j„  and  a„  do  not  depend  on  the  Biot  number  B.  To  see 
this,  the  Airy  stress  function  is  introduced  by 


(17) 


dy^’  dx^'  dxBy 

so  that  the  equations  of  equilibrium  are  satisfied  automati¬ 
cally.  Substitution  from  Eq.  ( 1 7 )  into  the  constitutive  equa¬ 
tions  (IS),  and  further  substitution  for  the  strains  into  the 
compatibility  equation 


25*6, 


5y*  5x*  dxdy  ^  ^ 

leads  to  a  single  differential  equation  for  the  stress  function, 
namely 


VV  E*a*V^T=  0. 


(19) 


Noting  that  the  temperature  T  satisfies  the  steady-state  heat 
conduction  Eq.  (4),  Eq.  (19)  finally  yields 

V*4,  =  E*a»Qo/k.  (20) 

Since  the  sides  of  the  slab  are  free  of  tractions,  these  bound¬ 
ary  conditions  are  cast  in  terms  of  derivatives  of  the  stress 
function  via  Eq.  (17).  It  is  concluded  that  since  the  differen¬ 
tial  equation  and  the  boundary  conditions  for  the  stress  func¬ 
tion  do  not  depend  on  the  Biot  number,  the  in-plane  stress 
components  and  (r^y  are  also  independent  of  the 

Biot  number  and  they  depend  only  on  the  amount  of  power 
deposition  per  unit  volume  Qq.  On  the  other  hand,  the  out- 
of-plane  component  of  stress  (r„  does  depend  on  the  Biot 
number  since  it  is  calculated  via  Eq.  ( 16)  that  involves  the 
temperature  distribution  which  depends  on  the  Biot  number 
B. 


FIG.  2.  Cootoun  of  the  in-plane 
ttreuea  in  onitt  of  oEQbL  Vk 
These  ttreti  components  are  inde¬ 
pendent  of  the  Biot  number  hL/k. 
The  Poisson  ratio  is  0.2S. 
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FIG.  3.  Contours  of  the  in-plane 
stresses  a„  in  units  of 
aEQoL  V*.  These  stress  compo¬ 
nents  are  independent  of  the  Biot 
number  hL  /k.  The  Poisson  ratio 
is  0.23. 


The  stresses  were  determined  numerically  for  the  Pois¬ 
son  ratio  equal  to  0.25  and  for  the  aspect  ratio  /)//.  =  2  by 
using  bilinear  isoparametric  finite  elements.  The  stress  con¬ 
tours  are  shown  in  Figs.  2  and  3  for  the  in-plane  stress  com¬ 
ponents,  which,  as  mentioned  previously,  do  not  depend  on 
the  Biot  number.  Due  to  the  symmetry  of  the  problem,  only 
the  quadrant  0<x/L  <1,0  <y/L  <D/L  is  shown.  It  can  be 
seen  immediately  that  the  surface  of  the  slab  is  in  tension, 
whereas  the  interior  is  in  a  state  of  compression.  The  stresses 
are  measured  in  units  of  aETo,  where  the  reference  tempera¬ 
ture  rise  is  given  by  Eq.  (9).  The  out-of-plane  stress  compo¬ 
nents  are  shown  in  Figs.  4  and  5  for  the  constrained  case 
satisfying  Eq.  ( 12).  It  is  seen  immediately  that  these  stresses 
are  compressive,  and  as  such  presumably  do  not  lead  to  frac¬ 
ture. 

On  the  other  hand,  for  the  unconstrained  case  satisfying 
Eq.  ( 13),  the  out-of-plane  stress  components  are  shown 
in  Figs.  6-8  for  the  Biot  number  B  =  0.1, 1, 10,  respectively. 
It  is  seen  that  for  the  unconstrained  case  the  <7„  stress  com¬ 
ponents  are  tensile  near  the  surface  of  the  slab  and  compres¬ 
sive  in  the  interior.  Depending  on  the  Biot  number,  it  is  pos¬ 
sible  for  to  exceed  the  in  plane  stresses  and  .  For 
the  case  of  unconstrained  deformation  in  the  z  direction,  the 
variation  of  the  maximal  values  of  the  stresses  with  the  Biot 
number  B  is  shown  in  Fig.  9.  Specifically,  Fig.  9  includes  the 


FIG.  5.  Contours  of  the  out-of¬ 
plane  stress  a„  in  units  of 
aEQ^  ^/k  when  the  ends 
z  =  ±  1  are  constrained 
against  displacement  in  the  z 
direction.  The  Biot  number 
B=  hL/k  is  10,  and  the  Pois¬ 
son  ratio  is  0.23. 


variation  of  the  stresses  with  B  for  the  three  points  A,  B,  and 
C  all  of  which  are  located  on  the  surface  of  the  slab. 

Were  the  plate  of  infinite  extent  in  the  y  direction  but  of 
finite  extent  2L  in  the  x  direction,  then  the  points  on  the 
surface  of  the  slab  would  be  in  a  state  of  balanced  biaxial 
tension  of  magnitude 


aETp 

3(l-v)‘ 


(21) 


This  value  is  also  shown  in  Fig.  9  for  comparison  purposes.  It 
can  be  seen  from  Fig.  9  that  the  result  for  the  plate  of  infinite 


extent  provides  a  good  upper  bound  for  the  stresses  when 
B  >  1,  as  well  as  for  the  in-plane  stress  components  xx  and  yy 
for  all  values  of  the  Biot  number.  However,  when  B  <  1,  it  is 


seen  that  the  result  for  the  infinite  plate  underestimates  the 
zz  components  of  stress  at  the  point  B  where,  as  will  be 
shown  in  the  next  section,  the  stress  intensity  factor  is  larger 


than  the  stress  intensity  factor  at  the  points  A  and  C  for 
cracks  of  similar  depths  (quarter  elliptical  crack  at  the  point 
B,  half  elliptical  cracks  at  the  points  A  and  C). 

The  effect  of  the  nonuniform  power  deposition  rate  Q 


was  studied  by  examining  a  plate  of  infinite  extent  in  the 
direction,  but  of  finite  extent  2L  in  the  x  direction.  The  pow¬ 


er  deposition  profile  was  taken  as 


Q(x)  ^Qocxpl —x/c)  0<x<2L,  (22) 


where  x  measures  from  the  face  of  the  plate.  When  c  >  2L  the 
power  deposition  rate  is  essentially  uniform  through  the 


FIG.  4.  Contoun  of  the  oul- 
of-planc  uren  in  unit*  of 
oEQoL^/k  when  the  ends 
J »  ±  I  are  constrained 
■gainst  dispUcement  in  the  z 
direction.  The  Biot  number 
B  —  AI./*  is  1,  and  the  Pois- 
son  ratio  is  0.2S. 


FIG.  6.  Contours  of  the  out-of- 
plane  stress  in  unib  of 
oEQJL  VA  when  the  ends 
z  w  ±  I  are  allowed  to  displaoe 
fipeely  in  the  z  direction.  The  Biot 
numberB  w  AA./Ait0.1,andthe 

Poisson  ratio  is  0.23. 
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FIG.  7.  Contoun  of  the  oul-of- 
plane  stress  <7„  in  units  of 
aEQ,4-  when  the  ends 
e  =  ±  I  are  allowed  to  displace 
freely  in  the  z  direction.  The  Biot 
number  B  —  hL  /kaX  .0,  and  the 
Poisson  ratio  is  0.25. 


thickness  of  the  plate.  When  c  <  2Z.  the  power  deposition  rate 
is  localized  near  Jt  =  0.  The  stresses  at  j:  =  0,  which  is  in  a 
state  of  balanced  biaxial  tension,  are  shown  in  Figs.  10(a) 
and  10(b)  as  functions  of  the  ratio  c/2L.  The  stresses  were 
normalized  either  in  terms  of  the  maximum  power  depo¬ 
sition  rate  Q„  which  occurs  at  x  =  0,  Fig.  10(a),  or  in  terms 
of  the  average  power  deposition  rate  per  unit  volume  over 
the  plate  thickness  Fig.  10(b).  It  is  seen  that  the  stress¬ 
es  are  now  smaller  than  what  Eq.  (21)  predicts.  Thus  the 
previous  analysis  for  uniform  power  deposition  per  unit  vol¬ 
ume,  the  results  of  which  have  been  summarized  in  Fig.  9, 
provides  an  upper  bound  for  the  stresses  due  to  inhomogen¬ 
eous  power  deposition  rates. 

IV.  TOUGHENING  BY  N  EXCHANGE 

It  has  been  shown  previously*  that  an  estimate  for  the 
efficiency  of  power  transfer  between  the  lamps  and  the  glass 
material  allows  the  calculation  of  the  change  in  fracture 
strength  due  to  the  ion  exchange  process.  It  is  important  to 
note  that  such  an  estimate  of  the  enhancement  in  fracture 
strength  was  based  on  the  largest  magnitude  for  the  surface 
stresses  a,,  and  ,  which,  as  argued  previously,  do  not 
depend  on  the  Biot  number.  However,  Fig.  9  shows  that  this 
is  not  necessarily  the  case;  when  the  Biot  number  is  less  than 
I,  <7,,,  which  depends  on  B,  may  exceed  o„  and  Oyy  con¬ 
siderably. 


FIG.  8.  Contours  of  the  out-of¬ 
plane  stress  a„  in  units  of 
aEQiJ.  '/k  when  the  ends 
z=  ±  I  are  allowed  to  displace 
freely  in  the  z  direction.  The  Biot 
number  B  =  hL/k  is  10,  and  the 
Poisson  ratio  is  0.23. 


-2-10  1 


FIG.  9.  Plots  of  the  maximum  stress  on  the  surface  of  the  slab  vs  log,oB. 
These  stresses  occur  at  the  points  labeled  A,  B,  and  C.  The  result  for  the 
plate  of  width  2L  in  the  x  direction  and  of  infinite  extent  in  the  direction  is 
also  shown.  The  Poisson  ratio  is  0.25. 


0j05  QI  02  05  1  2  5  10  20 

(b) 


FIG.  10.  The  effect  of  nonuniform  power  absorption  on  the  tensile  stresses 
in  the  front  and  back  faces  of  a  slab  of  width  22.  and  of  infinite  extent  in  the 
direction.  The  power  absorbed  per  unit  volume  (?is  nonuniform  and  it  has  a 
decay  length  c.  (a)  The  stresses  are  normahzed  in  terms  of  the  maximum 
power  Q„  absorbed  per  unit  volume,  (b)  The  stresses  are  normalized  in 
terms  of  the  average  power  G„  absorbed  per  unit  volume. 
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It  must  be  also  mentioned  that  surface  cracks,  depend¬ 
ing  on  where  they  are  located,  lead  to  different  stress  intensi¬ 
ty  factors.  For  example,  for  a  surface  semielliptical  flaw  of 
maximum  depth  d  and  under  far  field  uniform  tension  of 
magnitude  er,  the  stress  intensity  factor  is'° 

fir=1.12aV^,  (23) 

whereas  for  a  quarter-circular  comer  flaw  of  radius  6  the 
stress  intensity  factor  is'° 

=  i2.6/ir)aitfF.  (24) 

For  a  quarter-elliptical  comer  flaw  the  stress  intensity  factor 
is  given  by'“ 

1.3a>f^,  (25) 


where  b  is  now  the  smallest  depth  of  penetration. 

Knowledge  of  the  power  input  required  for  fracture  for 
the  strengthened  and  unstrengthened  glass  leads  to  an  esti¬ 
mate  of  the  fracture  strength  of  the  two  materials.  The  differ¬ 
ence  in  fracture  strength  is  rt  ributed  to  ion  exchange,  so 
that  from  the  enhancement  ii.  fracture  strength  the  micro¬ 
scopic  details  of  the  ion  exchange  can  be  estimated.  Further¬ 
more,  knowledge  of  the  difference  in  size  between  the  ex¬ 
changed  ions  allows  the  calculation  of  the  volume 
concentration  of  the  exchanged  speciei.  In  deriving  this  re¬ 
sult,  the  work  of  Nabarro  was  used' ' :  When  n  sites  within  a 
solid  of  total  volume  undergo  a  stress-free  dilatation  (in 
the  sense  of  Eshelby )  whereby  each  site  increases  its  vol¬ 
ume  by  A  then  the  total  dilatational  strain  is  given  by 

e^  =  AF’"(/i/Fo).  (26) 


The  dilatation  of  Eq.  (26)  gives  rise  to  a  balanced  biax¬ 
ial  compression  on  the  surface  of  the  glass  which  is  deter¬ 
mined  by  noting  that  the  underlying  glass  does  not  allow  any 
straining  along  directions  parallel  to  the  glass  face.  This  bal¬ 
anced  biaxial  compression  due  to  ion  exchange  is  given  by 
Ee^ 


Once  the  stresses  due  to  the  thermal  power  deposition 
and  the  stresses  due  to  the  ion  exchange  are  known  from  Fig. 
9  and  Eq.  (27),  respectively,  the  fracture  criterion  for  the 
unstrengthened  glass  is  written  as 


nViFi7(ff)(o£CSLVk)  (28) 

where  Q%  is  the  power  deposition  rate  per  unit  volume  at 
failure,  AT,,  is  the  fracture  toughness  of  the  unstrengthened 
glass,  n  is  a  numerical  factor  that  depends  on  the  crack  loca¬ 
tion  and  geometry  and  can  be  extracted  from  Eqs.  (23)- 
(25),  and  •/(if)  is  a  dimensionless  function  of  the  Biot  num¬ 
ber  B  such  that  the  thermal  stresses  are  given  by 
a  =  ri(B)aEQoL  Vk.  The  factor  ifiB)  depends  on  which 
stress  component  leads  to  fracture  and  can  be  found  from 
Fig.  9. 

On  the  other  hand,  for  the  glass  strengthened  by  km 
exchange,  the  fracture  criterion  becomes 


aEQt’L^ 

k 


3(1 -V) 


•) 


Eht 


(29) 


where  is  now  the  power  deposition  rate  per  unit  voliune 
at  fracture  of  the  strengthened  glass.  In  writing  Eqs.  (28) 


and  (29),  it  is  assumed  that  the  flaw  size  b  and  the  fracture 
toughness  of  the  bulk  glass  does  not  change  as  a  result  of 
ion  exchange  at  the  surface. 

Elimination  of  fl,  b,  and  K,,  from  Eqs.  (28)  and  (29) 
gives 


k 


(30) 


from  where  the  macroscopic  dilatation  can  be  deter¬ 
mined.  Since  AF^  can  be  estimated  from  knowledge  of  the 
size  of  the  exchanged  ions,  Eq.  ( 26 )  allows  the  calculation  of 
the  volume  concentration  of  the  ion  exchange  sites.  Finally, 
knowledge  of  the  fracture  toughness  K,^  of  glass  allows  via 
Eq.  ( 28 )  the  calculation  of  the  critical  flaw  size  b  responsible 
for  fracture. 

As  an  example,  we  used  K,^  =  0.3  MPa  m''^,  which  is 
typical  of  phosphate  glass, experimentally  determined 
flsshlamp  power  at  failure  of  660  and  3600  W  for  the  un¬ 
strengthened  and  strengthened  glass,  respectively,  which 
lead  to  power  deposition  rates  per  unit  volume  of  3.2  and  17 
W/cm*,  respectively  (derived  on  the  assumption  of  a  10% 
eflSciency),^/,  =  0.4cm,  J/fB)  =  0.5  (which  corresponds  to 
a  value  of  the  Biot  number  of  about  B=\),  k  =  0.82 
W/m  K,a=llxl0-‘,£=60  GPa,  v  =  0.25.  These  ma¬ 
terial  properties  are  typical  of  phosphate  glass.  These  val¬ 
ues  lead  to  a  macroscopic  dilation  of  =  0.0034. 

Using  the  values  of  0.078  and  0.098  nm  for  the  ionic 
radii  of  Li"'^  and  Na"'^  ,  respectively,'*  so  that 
AF^  «  1.94x10'*  nm'*,  Eq.  (26)  yields  a  density  of 
/i/Fo=  1.7x10*'  cm'*  for  the  ion  exchange  sites.  Finally, 
using  the  atomic  weight  of  7  and  23  for  Li  and  Na,  respec¬ 
tively,  gives  the  weight  percentege  of  Na  *  as  2.1%.  This 
value  is  in  good  agreement  with  independent  measurements 
by  electron  microprobe  analysis,  where  it  was  found  that  the 
weight  percent  of  Na  varies  from  2.8%  on  the  surface  of 
the  sample,  to  1.4%  at  a  depth  of  12-13  fim,  to  the  error 
value  of  0.2%  at  a  depth  of  W  fxm. 

The  compressive  stress  due  to  the  ion  exchange  was 
found  via  Eq.  (27)  to  be  90  MPa.  The  fracture  stress  of  the 
unstrengthened  glass  was  calculated  to  be  20  MPa.  The  frac¬ 
ture  strength  of  the  strengthened  glass  was  determined  as 
1 10  MPa.  Using  B=  \,  the  critical  flaw  size  was  determined 
as  45-90  fim.  With  B  =  0.1,  the  critical  flaw  is  20-35  fim. 
These  values  for  the  critical  flaw  size  are  comparable  to  the 
size  of  the  powder  used  in  the  polishing  process. 

It  must  be  pointed  out  that  the  use  of  Eqs.  (23)-(25) 
assumes  that  the  region  over  which  the  ion  exchange  has 
occurred  greatly  exceeds  the  crack  length,  so  that  the  crack 
can  be  visualized  as  being  embedded  within  a  uniform  stress 
level.  Although  the  zone  within  which  ion  exdtange  had 
occurred  was  experimentally  measured  to  be  about  60  ftm, 
the  residual  stress  spatial  distribution  due  to  km  exchimge 
could  not  be  determined  besides  the  variatkm  of  the  weight 
percent  of  Na  ions  with  distance  fitom  the  free  surface  or  the 
estimate  of  the  compressive  strength  induced,  as  described  in 
Ref.  4. 

The  effect  of  nonuniform  residual  stresses  on  inducing  a 
stress  intensity  Actor  which  tends  to  dose  the  crack  fiues 
and  cm  the  posnUe  partial  cradr  closure  has  been  examined 
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by  Green.'*  However,  in  Green’s  work  it  was  assumed  that 
the  residual  stress  distribution  is  Vao'tm  a  priori.  Since  for  the 
case  of  ion  exchange  this  is  not  necessarily  the  case,  we  in¬ 
tend  to  examine  a  limiting  case,  namely  the  case  when  the 
crack  length  greatly  exceeds  the  depth  of  the  zone  over 
which  ion  exchange  has  occurred,  and  that  the  crack  faces 
have  undergone  ion  exchange  up  to  a  characteristic  depth  H, 
as  shown  in  Fig.  11. 

Figure  11(a)  shows  schematically  the  case  where  the 
face  of  the  glass  plate  has  undergone  ion  exchange  up  to  a 
typical  length  H,  but  the  crack  faces  have  not  undergone  any 
exchange.  Figure  11(b)  shows  the  case  where  only  the  crack 
faces,  up  to  the  crack  tip,  have  undergone  ion  exchange.  It  is 
most  likely  that  the  actual  configuration  will  be  a  hybrid  of 
the  geometries  shown  in  Fig.  11.  Because  these  two  geome¬ 
tries  lead  to  different  dependence  of  the  strengthening  effect 
on  the  geometrical  parameters  H  and  b,  they  are  analyzed 
separately. 

The  free  body  diagram  of  the  underlying  glass  substrate 
for  the  case  of  Fig.  1 1  (a)  is  shown  in  Fig.  11(c).  The  forces 
per  unit  depth  P,  =  Pj  =  F  =  aH  with  <r  the  magnitude  of 
the  compressive  stress  due  to  the  ion  exchange,  see  Eq.  (27), 
which  has  a  typical  value  of  90  MPa.  The  moments  per  unit 
depth  A/,  =  A/,  =  3/  =  aH  '/I.  In  view  of  the  fact  that  A/j 


(u)  (b) 


FIG.  II.  The  interaction  of*  zone  of  thkkiwn^  over  which  km  excbanie 
has  occurred  with  a  crack  of  lenfthh,  where  h  greatly  exceeds /f.  (a)lon 
exchange  over  the  surface  of  the  slab,  (b)  ton  exchange  over  the  crack  faces 
and  ahead  of  the  crack  tip.  (c)  The  forces  acting  on  the  flhn  which  is  in  a 
Mate  of  compression  of  magnitude  o,  and  the  forces  acting  on  the  underlying 
glass.  These  forces  induce  a  stress  intensity  factor  at  the  crack  tip  which 
tends  to  close  the  crack. 


and  Pj  are  remotely  located  with  respect  to  the  crack  tip, 
their  contribution  to  inducing  a  stress  intensity  factor  at  the 
crack  tip  can  be  neglected.  Furthermore,  the  contribution 
due  to  A/,  is  much  smaller  ( of  order  Pf/b)  than  the  contribu¬ 
tion  of  P, ,  and  can  also  be  neglected.  Thus,  the  largest  contri¬ 
bution  is  due  to  P,  which  can  be  found  in  Ref.  17.  It  is  given 
by 


AA:=  -2.b(aH/y[nb),  (31) 

where  tJC  is  the  change  in  the  stress  intensity  factor  at  the 
crack  tip.  The  fact  that  LK  <  0  implies  that  there  is  a  tough¬ 
ening  or  shielding  effect.  “ 

By  setting  APT  equal  to  the  fracture  toughness  of  the 
glass  itself,  say  0.3  MPa  m'''^  and  using  a  — 90  MPa,  we 
derive  a  relation  between  the  crack  length  b  and  the  ion  ex¬ 
change  zone  width.  Using  b  =  lO^m  yields  H  =  1  pm.  If  we 
take  the  fracture  toughness  as  0.5  MPam'^^,’’  we  find 
H=\2  pm.  Since  this  analysis  is  valid  only  when  b  exceeds 
H,  we  conclude  that  for  brittle  materials  of  low  fracture 
toughness  ion  exchange  via  the  mechanism  shown  in  Fig. 
11(a)  can  enhance  the  apparent  fracture  toughness  by  as 
much  as  100%  with  an  ion  exchange  depth  of  only  a  few 
micrometers. 

The  other  mechanism  shown  in  Fig.  1 1  (b)  is  analyzed 
by  using  the  solution  of  Budiansky  and  co-workers,'* 
whereby  the  stress  intensity  factor  induced  by  a  distribution 
of  volumetric  expansion  P(r,^)  over  the  area  A  was  found 
under  plane  strain  conditions  to  be 


bJC  =  - 


— — —r  r  ay&  —  dA,  (32) 

3(1  —  v)V2ff  2 

where  r,^  are  polar  coordinates  measuring  from  the  crack  tip 
(^  =  0  is  the  line  ahead  of  the  crack).  It  is  seen  from  Eq. 
( 32 )  that  ion  exchange  occurring  within  a  fan  of  1 20*  ahead 
of  the  tip  (  —  »r/3<^<jr/3)  induces  a  positive  APT,  thus 
making  the  material  more  brittle.  On  the  other  hand,  ion 
exchange  over  the  crack  faces  induces  a  negative  APT  so  that 
the  material  at  the  crack  tip  appears  shielded  from  the  re¬ 
motely  applied  thermal  stresses.  Following  Ref.  1 8,  the  near 
tip  stress  intensity  factor  is  given  by 


^lip  —  ^.ppi  4- APT,  (33) 

where  PT.ppi  is  the  stress  intensity  due  to  the  applied  thermal 
loads,  and  APT  is  due  to  ion  exchange.  The  fracture  criterion 
is 


■b' 


no.  12.  The  details  of  the  km  ex¬ 
change  procea  near  the  crack  tip  are 
important,  since  exchange  over  the 
crack  foces  induces  a  shielding  AX' 
(AX<0),  whereas  exchange  ahead  of 
the  crack  tip  induces  an  antishielding 
AX  (AX>0).  (a)  Ion  exchange 
over  the  crack  foces  and  ahead  of  the 
crack  tip.  (b)  Ion  exchange  over  the 
crack  foces  only. 


1790 


J.  Appl.  rtiya.,  Vol.  67.  No.  4.  IS  Fabruary  1900 


John  C.  Lambfopouloa 


1790 


(34) 

with  JST/c  the  fracture  toughness  of  the  glasa  Bt  is  noted  that 
this  calculation  assumes  that  the  ion  exchange  process  does 
not  alter  the  fracture  toughness  of  the  glaaanBtt«ial.  but  that 
it  only  induces  residual  stresses  which  ahiddi  the  crack  tip 
firom  the  thermal  stresses  induced  by  the  otMttng  medium. 

LK  has  been  calculated  via  Eq.  (32)  fivthe  two  cases 
shown  in  Fig.  12.  In  Fig.  12(a)  the  ion  exchange  zone  ex¬ 
tends  over  the  crack  faces  and  in  front  of  thecrack  tip.  The 
detailed  geometry  ahead  of  the  crack  tip  isdeacribed  in  Ref. 
18.  Assuming  that  6  is  uniform  within  the  iion  exchange 
zone,  the  work  of  Budiansky  and  co-worfcata''*  yields 

(35) 

a  being  the  magnitude  of  the  compressive  staess  due  to  ion 
exchange.  On  the  other  hand,  the  geometry  oTFig.  12(b),  in 
which  ion  exchange  occurs  over  the  crack  faces  but  not 
ahead  of  the  crack  tip,  leads  to'* 

-\.7>a4H.  (36) 

As  an  example  of  the  toughening  dSeOt  predicted  by 
Eqs.  (35)  or  (36),  we  note  that  an  ion  exchaoBc  layer  thick¬ 
ness  of  /f  =  10-30  ycta.  produces  an  enhaaoement  in  the 
stress  intensity  factor  of  AAT  =  —  0.3  MPa  an'^ .  A  thick¬ 
ness  of  /f  =  30  'O  pm  produces  LK  =  —  Q.5  MPa  m'^ . 
These  values  of  ihe  layer  thickness  are  of  the  tame  order  of 
magnitude  as  the  experimentally  determinerii  thickness  of 
about  60  /rm.  The  induced  enhancements  in  the  fracture 
toughness  are  of  the  same  magnitude  as  the  firacture  tough¬ 
ness  K,c  of  the  glass  itself.  It  is  concluded  that  the  mecha¬ 
nisms  of  ion  exchange  shown  in  Fig.  12  induoe  considerable 
enhancements  of  the  fracture  toughness  of  the  glass.  These 
enhancements  may  be  as  large  as  the  incnnsic  fracture 
toughness  of  the  glass  itself. 

A  basic  assumption  in  deriving  Eqs.  (35)  and  (36)  is 
that  the  volume  expansion  due  to  the  ion  eatchange  is  uni¬ 
formly  distributed  within  the  layer  thickness  91.  This  is  not 
the  case  in  reality  since  the  depth  profile  of  the  exchange 
layer  arises  from  the  diffusion  of  the  exchangirag  ions,  so  that 
the  percentage  of  exchange  sites  is  highest  new  the  free  sur¬ 
face  and  it  diminishes  as  one  moves  into  the  glass.  In  view  of 
this,  Eqs.  (35)  and  (36)  are  applicable  when.^is  identified 
as  an  effective  thickness  over  which  the  volumte  expansion  is 
essentially  uniform.  Even  so,  the  numerical  examples  dis¬ 
cussed  above  show  that  ion  exchange  is  a  potent  mechanism 
for  enhancing  the  fracture  toughness  of  briittle  phosphate 
glasses. 

Comparison  of  Eqs.  (35)  arid  (36)  also  nhows  that  the 
details  of  the  ion  exchange  process  near  the  crack  tip  are 
important  in  determining  the  levels  of  the  endiancement  in 
the  fracture  toughness.  Ion  exchange  over  thic  crack  faces 
shields  the  material  from  the  applied  loads;  ion  exchange 
ahead  of  the  crack  tip  enhances  the  apfdicd  kaads. 

When  the  crack  shielding  mechanisms  off  Figs.  1 1  and 
12  are  superposed  on  the  applied  thermal  loaihs,  the  fracture 
criterion  becomes 


V  _  rk_/ 1»\  oH  fTT 

*iip  =  - 7 - -Jirb  -  Xi-T=r  - 

*  Virb 

(37) 

where  the  coefficients  Xi  and  Xi  are  of  order  unity  and  de¬ 
pend  on  the  details  of  the  ion  exchange  process  near  the 
crack  tip,  see  Eqs.  (31),  (35),  and  (36).  It  is  seen  that  the 
thermal  loads  [the  first  term  on  the  right-hand  side  of  Eq. 
(37)],  and  the  strengthening  mechanisms  due  to  ion  ex¬ 
change  are  characterized  by  different  dependence  of  the  in¬ 
duced  stress  intensity  factor  on  the  ^ometric  quantitie,  b 
(the  crack  length)  and  H  (the  depth  of  the  ion  exchange 
zone).  In  writing  Eqs.  (37)  it  is  assumed  that  the  ion  ex¬ 
change  process  near  the  crack  tip  does  not  alter  the  intrinsic 
fracture  toughness  of  the  glass  material,  i.e.,  K,c  is  the  same 
as  for  the  glass  that  has  not  undergone  any  ion  exchange.  As 
was  shown  previously,  for  brittle  materials  such  as  the  phos¬ 
phate  glass  under  investigation  here,  the  strengthening  con¬ 
tributions  are  of  the  same  order  of  magnitude  as  the  stress 
intensity  factor  due  to  the  applied  loads.  It  is  concluded  that 
for  microcracks  long  with  respect  to  the  depth  of  the  ion 
exchange  zone,  ion  exchange  is  a  viable  mechanism  for  en¬ 
hancing  the  fracture  toughness  of  brittle  components.  On 
the  other  hand,  when  the  microcracks  are  much  shorter  than 
the  ion  exchange  zone,  the  analysis  leading  to  Eq.  (29) 
shows  that,  again,  ion  exchange  is  a  considerable  strengthen¬ 
ing  mechanism.  It  is  expected  that  the  same  strengthening 
phenomenon  will  occur  when  the  crack  length  is  comparable 
to  the  ion  exchange  zone. 

V.  CONCLUSIONS 

Numerical  techniques  were  used  to  calculate  the  ther¬ 
mal  stresses  during  the  steady-state  absorption  of  heat  by 
thermal  pumping  of  a  slab  of  phosphate  glass  used  for  high 
average  power  solid-state  laser  applications.  It  was  shown 
that  the  in-plane  stress  components  are  independent  of  the 
Biot  number  characterizing  the  surrounding  cooling  medi¬ 
um.  These  stress  components  depend  only  on  the  magnitude 
of  the  power  per  unit  volume  absorbed  during  thermal 
pumping.  The  out-of-plane  stress  components  do  depend  on 
the  Biot  number  and  on  the  thermal  loads.  The  state  of  stress 
near  the  outer  surface  of  the  glass  contains  tensile  and  com¬ 
pressive  components.  The  in-plane  stresses  are  always  ten¬ 
sile.  The  out-of-plane  stresses  are  compressive  when  no  lat¬ 
eral  displacement  is  allowed,  and  tensile  when  the  lateral 
ends  are  allowed  to  displace  freely.  The  calculated  stresses 
were  used  in  order  to  evaluate  the  compressive  stresses  in¬ 
duced  by  a  thin  zone  within  which  ion  exchange  has  oc¬ 
curred.  From  the  compressive  stresses  the  volume  density  of 
ion  exchange  sites  and  the  magnitude  of  the  weight  percent 
of  ions  within  the  exchange  layer  were  calculated.  It  was 
shown  that  for  the  case  of  long  or  short  microcracks,  with 
respect  to  the  depth  of  the  km  exchange  zone,  km  exchange 
induces  a  signiik^t  reduction  ot  the  near-tip  stress  intensity 
factor  thus  shielding  the  near-tip  region  from  the  applied 
thermal  loads.  The  details  of  the  km  exchange  process  near 
the  crack  tip  were  shown  to  be  significant  in  altering  the 
levels  of  crack  tip  shidding. 
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APPENDIX  (6) 

Toughening  and  crack  tip  shieiding  in  brittie  materiais  by  residuaiiy  stressed 
thin  fiims 

JohnC.  Lambropoulos 

Department  of  Mechanical  Engintering  and  Laboratory  for  Laser  Energetics,  University  of  Rochester. 

Rochester.  New  York  14627 

(Received  lOSeptember  1990;  accepted  S  February  1991) 

The  apparent  fracture  toughness  of  brittle  components  can  be  greatly  enhanced  via  surface- 
deposited  thin  films  which  are  under  residual,  possibly  nonuniform  compression  since  the 
residual  compression  counteracts  the  effect  of  the  applied  loads  at  the  tip  of  a  surface  crack. 

Examples  are  epitaxial  thin  films  on  crystalline  components,  thin  films  in  a  state  of  compression 
due  to  the  film  deposition  process,  or  thin  films  of  ion-exchange  in  glass.  We  review  the 
micromechanics  of  the  strengthening  process  by  considering  a  surface  microcrack  under  the 
combined  action  of  the  residual  stress  in  the  film  (which  shields  the  crack  tip  and  may  cause 
partial  crack  closure)  and  of  the  externally  applied  loads  (thermal  or  mechanical ).  We  examine 
crack  tip  shielding  as  the  interaction  of  microscopic  dilatant  spots  with  the  crack  tip.  This  model 
predicts  rising  crack  growth  resistance  curves  for  limited  amounts  of  crack  growth.  We  review 
and  analyze  experimental  results  on  ion  exchange  in  thin  films  of  glass  in  small-,  medium-,  and 
large-size  glass  components  for  high  average  power  solid  state  lasers.  These  measurements  show 
that  the  apparent  fracture  strength  increases  by  as  much  as  five  to  six  times. 


I.  INTRODUCTION 

The  apparent  fracture  toughness  of  brittle  materials  can  be 
greatly  enhanced  by  various  surface  modification  methods, 
such  as  epitaxial  thin  films  on  crystalline  substrates, '  sol-gel 
films  on  optical  materials,^  physically  deposited  thin  films, ^ 
or  thin  films  of  glass  within  which  ion  exchange  has  oc¬ 
curred.^  It  is  currently  accepted  that  the  deposition  of  the 
thin  film  does  not  alter  the  inherent  fracture  toughness  of  the 
brittle  material  (which  is  usually  quite  low):  Instead,  it  is 
believed  that  the  stresses  within  the  thin  film  (which  are  a 
direct  result  of  the  deposition  process)  shield  the  tip  of  a 
microcrack  from  the  applied  thermomechanical  loads,  so 
that  a  higher  value  of  the  applied  load  is  required  in  order  to 
fracture  the  specimen  (as  compared  to  a  specimen  without 
any  films). 

A  standard  technique  for  observing  such  enhancement  in 
the  fracture  toughness  of  brittle  materials  has  been  indenta¬ 
tion  microcracking  whereby  a  surface  microcrack  is  intro¬ 
duced  by  using  a  sharp  indenter.^**  The  specimen  is  further 
cracked  with  the  indenter,  or  by  using  standard  mechanical 
loading,  such  as  the  four-point-bending  configuration.*  An¬ 
other  lechnique  is  the  use  of  thermal  shock  tests  wherry  the 
specimen  is  uniformly  heated  and  then  rapidly  cooled;  The 
thermal  stresses,  resulting  from  the  mhomogeneous  tem¬ 
perature  distribution  within  the  specimen,  will  fracture  the 
specimen  when  the  difference  between  the  initial  (uniform) 
temperature  of  the  specimen  and  the  temperature  of  the 
queuing  medium  is  sufficiently  tugh.*^*'*” 

For  linear  elastic  materials  conuining  cracks,  an  asymp¬ 
totic  analysis  of  the  stress  distribution  near  a  crack  tip  show 
that  the  stresses  are  singular,  with  a  spatial  distribution  vary¬ 
ing  like  r~  (where  r  is  the  distance  from  the  crack  tip), 
and  that  the  magnitude  of  the  singular  term  u  governed  by 
the  stress  intensity  fhctor  (SIF)  AT,!,  valid  near  the  crack  tip. 
For  example,  for  mode  I  (or  opening  mode)  cracking,  tbe 


stress  distribution  ahead  of  a  crack  tip  is  given  by 

o„=-^r.  *>0.  Jt-0,  (1) 

V2irx 

where  the  crack  (extending  infinitely  in  the  z  direction )  oc¬ 
cupies  the  half  linex<0,  the  uncracked  part  extends  along 
x>0,  and  the  axisy  is  perpendicular  to  the  crack.  It  is  noted 
that  the  stress  intensity  factor  AT, jp  cannot  be  computed  from 
the  asymptotic  analysis:  A  complete  solution  is  required  of 
the  boundary  value  problem  consisting  of  the  crack  under 
the  action  of  the  applied  loads. 

Since  the  stresses  near  a  cradt  tip  are  uniquely  determined 
by  tbe  stress  intensity  factor,  for  a  brittle  material  it  is  as¬ 
sumed  that  fracture  will  occur  when  the  near-tip  stress  inten¬ 
sity  factor  reaches  a  critical  value  ATie,  called  the  frac¬ 
ture  toughness,  which  is  a  material  property,  thus 

ATpp-Ar,..  (2) 

In  the  absence  of  any  mechanisms  that  shield  the  crack  tip 
fnnn  the  applied  loads,  the  near-tip  stress  intensity  factor 
is  equal  to  the  applied  stress  intensity  factor  AT^,  so  that 

(3) 

For  example,  for  a  crack  under  the  action  of  uniformly  ap¬ 
plied  far  field  stresses  <r  in  a  direction  perpendicular  to  the 
crack  plane,  the  applied  stress  intensity  f^iot  is 

JC^  no^ira^,  (4) 

where  Cp  is  the  half-length  of  the  crack  tip,  and  f)  is  a  geo¬ 
metrical  factor  which  includes  the  interaction  of  the  crack 
with  near-by  free  surfaces.  For  example,  for  an  interior  crack 
infinite  in  the  z  direction,  fl  *  1;  for  an  edge  crack  of  depth 
«e  n  »  1.12;  for  an  interior  penny-shaped  crack  O  b  2/v. 

On  the  other  hand,  when  the  crack  tip  is  shielded  from  the 
apidied  loads,  the  near-tip  SIF  is  rdated  to  the  far-fidd 
(or  applied)  SIF by 
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(5) 

where  LK  is  the  contribution  of  any  mechanisms  that  inter¬ 
act  with  the  crack  tip.  When  LK  <  0,  then  shielding  occurs. 
In  this  case,  combination  of  Eqs.  (2),  (4),  and  (5)  shows 
that  at  frecture  the  required  stress  a  is  higher  than  what  it 
would  be  if  no  shielding  was  present.  Similarly,  when 
UC  >  0,  the  applied  loads  are  enhanced  near  the  tip,  and  the 
net  effect  is  to  make  the  material  effectively  more  brittle  by 
reducing  the  value  of  a  required  for  fracture. 

As  an  example  of  the  shielding  effect  of  thin  films,  we 
mention  the  work  of  Lawn  and  Fuller,"  and  ofTandon  and 
Green,’  who  considered  an  indentation  crack  as  a  semicir¬ 
cular  penny-shaped  crack  of  radius  e.  At  fracture,  the  total 
SIF  at  the  intersection  of  the  crack  front  with  the  specimen’s 
free  surface  is  equal  to  the  fracture  toughness  ,  so  that’-' ' 

+  +  (6) 

where  the  first  term  is  the  contribution  of  the  residual  stress¬ 
es  present  as  a  result  of  the  permanent  plastic  deformation 
under  the  maximum  load  Fof  the  indenter,  the  second  term 
is  due  to  the  applied  stresses,  and  the  third  term  is  due  to  the 
presence  of  a  thin  film  of  thickness  H<c  under  a  state  of 
biaxial  tension  (ob>0)  or  compression  (<ro<0)  in  the 
film’s  plane.  The  dimensionless  quantities  ^  and  tl  are  geo¬ 
metric  factors  which  account,  respectively,  for  the  interac¬ 
tion  of  the  residual  stresses  due  to  the  indentation  and  for  the 
interaction  of  the  specimen’s  free  surface  with  the  crack  tip. 
The  quantity;)'  =  0.016  (£//fZ))'^  where  £  is  the  Young’s 
modulus  and  {HD)  is  the  hardness  of  the  material.’-* 

It  b  clear  from  £q.  (6)  that  when  the  film  b  in  compres¬ 
sion,  the  last  term  (due  to  the  film )  shields  the  second  term 
(due  to  the  applied  loads)  and  the  first  term  (due  to  the 
indentation  itselO  •  so  that  a  higher  value  of  the  applied  stress 
<7  b  required  for  fracture.  We  note  from  Eq.  (6)  that  for  the 
indentation  crack  the  contribution  due  to  the  residually 
stressed  film  (which  b  valid  only  in  the  limit  H<c)  b  inde¬ 
pendent  of  the  crack  radius  c. 

As  typical  values  of  the  interaction  between  very  thin  sur¬ 
face  films  and  very  deep  surface  cracks,  the  dau  of  Kobrin 
and  Harker’  on  sputtered  submicron-thick  films  had  a  oack 
depth  of  12-l(X)^m,  and  a  compressive  film  stress  oro.2. 1.0, 
and  1. 6  GPa  for  films  of  AljOj.SiOj,  and  Si)  N«,  respective¬ 
ly.  The  substrate  was  glass  (with  =  0.62  MPa  v/m),  Si 
(^ic  •  0.74  MPa-v^m),  upphire  (£,,  =  1.7  MPa  v'm),  or 
Si,N4  (£„  m.  4.1  MPa  V” m).  The  resulting  shielding  con¬ 
tribution  ranged  from  (  —  AK)  «  0.1  to  1.7  MPa\/m. 

Ion  exchange  in  glass  similarly  creates  a  thin  surface  film 
which  b  in  a  sute  of  residual  compression.  The  work  of 
Tandon  and  Green’ on  silicate  glass  (£,.  -  0.73  MPa  y/'m) 
where  Na''^  ions  were  exchanged  for  K’’  ions  had  an  ex¬ 
change  layer  of  thickness  3-7.5  fua,  and  an  indentation 
crack  depth  of  at  least  150  fun.  The  average  compressive 
stress  in  the  ion  exchange  layer  was  in  the  range  150  to  320 
MPa.  Dqiendmg  on  the  indentation  load  used,  the  fracture 
strength  of  the  ion-exdunged  specimens  increased  to  150- 
210  MPa,  as  compared  to  a  firactnre  strength  of  about  SO 
MPa  fbr  the  unstrengthened  speciinens. 

It  b  not  always  the  case  that  the  thickness  of  the  compres¬ 


sive  layer  b  much  smaller  than  the  depth  of  the  surface  crack 
at  failure.  Cerqua  ef  al.*  have  shown  that  for  the  case  of 
phosphate  glass  with  the  exchange  of  Na  for  Li  ^  ions, 
there  is  a  remarkable  improvement  in  the  fracture  strength 
of  the  glass  when  the  surface  crack  b  comparable  in  magni¬ 
tude  to  the  thickness  of  the  compressive  layer. 

The  tests  of  Cerqua  el  at.*  were  performed  on  three  geo¬ 
metries:  The  first  geometry  was  that  of  small  dbks  (diameter 
of  20  mm,  thickness  of  3  mm);  the  second  geometry  was  that 
of  squat  cylinders  (diameter  6.4  mm,  height  6.4  mm);  These 
two  geometries  were  tested  in  thermal  shock  tests,  and  a 
finite  element  analysis  was  performed  (with  a  time-depen¬ 
dent  temperature  dbtribution )  in  order  to  correbte  the  tem¬ 
perature  drop  at  fracture  to  the  magnitude  of  the  resulting 
thermal  stresses.*  For  the  small  dbks,  the  Biot  number 
(based  on  the  specimen’s  half  thickness)  was  about  S;  For 
the  cylinder  geometry  the  Biot  number  (based  on  the  radi¬ 
us)  was  equal  to  10.  These  tests  were  used  to  extract  the 
value  of  the  fracture  strength.  For  the  unstrengthened  speci¬ 
mens,  the  fracture  strength  was  about  25  MPa,  whereas  for 
the  strengthened  specimens  it  was  about  13S  MPa. 

The  third  geometry  tested  by  Cerqua  et  al.*  was  that  of 
rectangular  slabs  (8  X  IS  X 160  mm’)  which  were  thermally 
pumped  to  failure.  A  finite  element  analysis  again  correlated 
the  thermal  power  input  to  the  resulting  thermal  stresses 
under  steady-state  thermal  pumping.*  It  was  found  that  the 
unstrengthened  specimens  had  a  fracture  strength  of  19-23 
MPa,  whereas  after  ion  exchange  the  strength  was  improved 
to  about  1 10  MPa. 

The  conclusion  from  all  these  tests  was  that  ion  exchange 
can  greatly  improve  the  apparent  fracture  toughness  of  nom¬ 
inally  brittle  materials  by  imparting  an  average  compressive 
surface  stress  of  the  order  of  90-1 10  MPa  for  phosphate 
glass.  The  value  of  the  average  compressive  surface  stress 
was  correbted  to  the  amount  of  the  average  dilation,  which 
was  found  to  be  about  0.0034.  In  turn,  thb  dilation  was  con¬ 
verted  to  an  average  Na  ’’’  ion  ccmcientration  of  about  2.1%. 

Independent  measurement  of  the  Na  ion  concentration  by 
Cerqua  et  al.*  showed  that  the  maximum  concentration  of 
2.8%  occurred  at  the  surface  of  the  specimen,  and  that  the 
thickness  of  the  ion  exchange  layer  was  50-60  ftm,  with  a 
monotonic  decrease  from  the  surface  value.  The  distance 
over  which  the  maximum  concentration  was  halved  was 
about  15-20  /tm.  It  is  thus  seen  that  the  numerical  predic¬ 
tions  (which  3rielded  an  average  Na  *  ion  concentration  of 
2.1%)  are  in  good  agreement  with  the  experimental  obser¬ 
vations. 

In  order  to  oorrdate  the  depth  of  the  ion  exchanged  layer 
to  the  dq>th  of  surface  microcracks,  a  value  of  0.3  MPa 
V'm'*  was  used  fbr  the  fracture  toughness  of  phosphate 
glass.  In  additko  to  thb  information,  the  use  of  a  value  for 
the  unstrengthened  fracture  strength  erf' 20-25  MPa,  allows 
the  application  of  Eqs.  (2)-(4),  from  which  the  depth  of  the 
surface  crack  can  be  estimated  as  between  37  and  57  ;rm.  We 
observe  that  in  the  tests  ofCerqua  era/.,*  fracture  occurred 
when  the  glass  specimen  was  in  contact  with  water.  Thb 
contact  would  dimtnish  the  fracture  toughness  of  glass  from 
the  fracture  toughness  in  air.  For  example,  using  a  dimin- 
bbed  value  of  Kie  ■>  0.1  MPa  v'm  for  the  fracture  toughness 
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in  water  yields  a  crack  depth  of  4-6 /rm.  It  is  thus  seen  that, 
contrary  to  the  indentation  experiments,  in  the  thermal 
shock  tests  the  crack  length  is  comparable  to  the  thickness  of 
the  ion  exchange  layer. 

It  is  the  purpose  of  this  report  to  present  a  simple  model 
whereby  the  shielding  imparted  by  a  surface  compressive 
layer  is  viewed  as  arising  from  the  interaction  of  individual 
dilation  sites  with  a  crack  tip.  The  dilation  sites  are  arranged 
so  as  to  create  a  thin  layer  of  either  uniform  or  varying  mag¬ 
nitude  of  dilation,  and  we  calculate  the  change  AK  in  the 
near-tip  stress  intensity  factor  due  to  this  layer.  We  empha¬ 
size  the  relation  of  AAT  to  the  crack  length,  rather  than  to  the 
fhicknats  of  the  compressive  layer.  The  presented  analysis 
aims  at  deriving  closed  form  expressions  for  the  shielding 
effect  when  the  crack  length  is  much  smaller,  comparable  to, 
or  much  longer  than  the  depth  of  the  compressive  layer. 

II.  SHIELDING  BY  EXPANDING  SPOTS  AND  LAYERS 

Consider  a  semi-infinite  crack  in  a  linear  elastic  solid  un¬ 
der  plane  strain  conditions  in  the  z  direction.  The  crack  ex¬ 
tends  along  x<0.  The  uncracked  ligament  is  along  x>0. 
When  the  volume  of  two  circular  cylinders,  located  at  the 
cylindrical  coordinates  (r,  0)  and  (r,  —0)  with  respect  to 
the  crack  tip,  changes  isotropically  by  the  stress-free  amount 
0  ^  then  the  resulting  change  in  the  near-tip  stress  intensity 
factor  is  given  by”  '^ 

Ee^dA  COSO0/2) 

where  dA  is  the  cross  sectional  area  of  each  cylinder,  £is  the 
Young’s  modulus  of  the  material,  and  v  is  the  Poisson  ratio, 
see  Fig.  1  (a).  It  is  thus  seen  that  when  the  spots  are  located 
in  a  forward  cone  of  total  angle  2tr/3  (0<£<ir/3),  their 
effect  is  to  open  the  crack  tip  (dK >  0),  whereas  when  they 


aa 


Fw.  I.  The  kHPactioB  of  two  qnmnctrieally  loeMad  eirailar  cyUndcis, 
■■eh  aTenMi  mcmmI  tna  with  (• )  •  loaHniait*  cnck.  and  (b)  with 
•  tailtcnek. 


lie  in  the  range  jr/3  <0 <  ir  they  cause  crack  tip  shielding 
{dK<0).'* 

On  the  other  hand  when  the  dilating  spots  interact  with  a 
finite  crack  of  length  2flo.  as  shown  in  Fig.  1  (b),  the  result¬ 
ing  stress  intensity  factor  at  the  nearest  crack  tip  is 

E0^dA  f^cos[O0,+02)/2] 

- ■  <*' 

where  £,)  are  the  polar  extrdinates  with  respect  to  the 
nearest  crack  tip,  and  (rj,  )  are  the  polar  coordinates 
with  respect  to  the  furthest  crack  tip. 

When  the  transforming  spots  are  arranged  in  the  form  of  a 
vertical  strip  (see  Fig.  2)  of  width  (dx)  near  a  semi-infinite 
crack,  then  the  resulting  change  in  the  near  tip  stress  intensi¬ 
ty  factor  can  be  found  by  integrating  the  expressions  in  £q. 
(7).  The  result  is 

dK  =  0,  (9a) 

when  the  strip  is  located  ahead  of  the  crack  tip  [as  shown  in 
Fig.  2(a)],  and 


_ 1^  fT  E0^ 

3  -y/  IT  1-v 


3  -y/  IT  1-v  ^ 

when  the  strip  is  located  behind  the  crack  tip  [as  shown  in 
Fig.  2(b)].  It  is  thus  seen  that  the  effect  of  an  expanding 
layer  is  to  either  not  interact  with  the  crack  tip  when  the 
layer  is  located  ahead  of  the  crack  tip,  or  to  shield  the  crack 
tip  ( <  0)  when  the  layer  is  located  behind  the  crack  tip.  It 
is  noted  that  the  geometry  of  Fig.  2,  which  leads  to  the  results 


FlO.  1  Tlie  tntendiOB  of*  venial  strip  with  ■  iemi-iii5nite  cnck  mder 
plaae  suain  eonditioiis.  The  strip  has  ■  St  icM-free  dilatioa  F  '  ( ■ )  When  (he 
strip  is  looted  aheid  of  the  eraefc  tip  AJf  ■>  0.  (b)  When  the  strip  is  tooted 
hehnd  the  cndi  tip  the  shidding  ax  <0  and  is  livea  by  E4.  (9b). 


J.  Vae.  Set  Tochnei  A.  VoL  »,  No.  4.  Jm/Atia  Itai 


2S06 


Jolin  C.  Lambropoulo*:  Toughening  and  crack  tig  ahMdIng  In  brittle  materlala 


2S06 


(A) 


Fic.  3.  The  inieraciion  of  a  layer  arilh  stress-free  dilation  with  a  crack  tip. 
(a)  Exponentially  decaying  dilation  for  jt>0  with  characteristic  length 
scaled.  <b)  Uniform  dilation  within  a  layer  of  thickness  .M. 


which,  when  the  crack  depth  greatly  exceeds  the  charac¬ 
teristic  length  of  the  compressive  layer,  reduces  to 


3V’"  ’ 


(12b) 


In  £q.  ( 12a}  the  error  function  of  imaginary  argument 
defined  as” 


exp(u')du. 


{13} 


BothEq.  ( 12a}  and  the  asymptotic  result  of  £q.  (12b}are 
shown  in  Fig.  4  in  a  non-dimensional  form.  It  is  seen  that 
when  Oq  >  3-4  the  asymptotic  expression  provides  a  good 
approximation  for  the  more  involved  result  of  Eq.  ( 12a) . 

For  the  case  of  constant  stress-free  dilation,  the  integra¬ 
tion  of  Eq.  (9b}  is  again  straightforward.  As  before, 
D  =  ao—x.  When  ao<H  the  limits  of  integration  are  from 
X  s  0  to  It  =  Oq  .  When  Op  >  limits  of  integration  are 
from  x  =  Otox  =  H.  The  result  is 


^Uq/  M  .  dp 


(I4a) 


of  Eq.  (9),  is  equivalent  to  that  of  an  embedded  plate  which 
is  in  a  state  of  biaxial  stress. 

Hi.  SHIELDING  BY  SPATIALLY  VARYING  DILATIONS 

Consider  a  semi-infinite  crack  which  is  embedded  within  a 
region  where  the  stress-free  dilation  is  decaying  exponential¬ 
ly 

^ ^oexp(  —  x/)9},  x>0  (10} 

with  a  characteristic  length  0  (Fig.  3(a}l,  or  is  constant 
within  a  layer  of  width  H  (Fig.  3(b}  ] 

0<x</f.  (11) 

In  either  case,  the  x  coordinate  measures  from  a  plane  at  a 
distance  behind  the  crack  tip,  and  is  the  maximum 
dilation,  which  occurs  .st  the  surface  x  =  0.  Thus,  it  is  as¬ 
sumed  that  the  surface  x  0  is  the  free  surface.  In  this  way, 
the  problem  of  the  interaction  between  a  surface  crack  of 
length  Og  and  the  compressive  layer  is  substituted  by  the 
analytically  simpler  model  shown  in  Fig.  3,  of  the  semi-infi¬ 
nite  crack  interacting  with  a  layer  of  varying  stress-free  dila¬ 
tion.  Thus,  the  simpler  model  of  Fig.  3  does  not  account  for 
the  interaction  between  the  crack  tip  and  the  free  surface  of 
the  sample. 

For  the  case  of  the  exponentially  decaying  stress-free  dila¬ 
tion,  the  expression  in  Eq.  (9b)  is  used  to  find  the  induced 
studding  AJU.  A  vertical  strip  of  width  rfx  is  at  a  distance 
— xhehindthecracktipandthelimitsofintegration 
are  from  X  *  0  to  X  at  The  result  is 


0  T  a  »  * 


Fic.  4.  Nendunemiaiial  MekUng  Air  ihe  caw  oT  exponeniitfly  decaying 

siraMhftaedilMian  with  cbaracteritiic  Icnrii  *a>cd  The  asympiMic  rcMlt 
■  valid  for  SibA  (b)  it  the aame  vtnioa  ai  (a)  whh  the  horixomal  axh 
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which  reduces  to 


_1_  l~2  E6o4H  1 
3  "Y  fl-  1  -V  ’ 


ao>H 


(14b) 


when  the  crack  depth  Jq  greatly  exceeds  the  thickness  H  of 
the  compressive  layer. 

Figure  5  shows  in  non-dimensional  form  the  shielding  LK 
versus  the  crack  depth  Cq-  Again,  it  is  seen  that  when  Aq  >  2 
H,  the  asymptotic  expression  (14b)  provides  an  accurate 
estimate  of  the  shielding  effect. 

We  observe  that  the  results  in  Figs.  4  and  S  can  be  viewed 
as  crack-growth  resistance  curves  relating  the  shielding  con¬ 
tribution  AX'  of to  the  amount  of  crack  growth  Co-  Ex¬ 
amination  of  Figs.  4  and  S  also  shows  that  the  dependence  of 
the  shielding  tJC  on  the  amount  of  crack  growth  has  the 
following  main  features:  From  a  dimensional  analysis  argu¬ 
ment,  it  is  clear  that  the  shielding  AAT  must  be  proportional 
to  the  Young's  modulus  E,  to  the  maximum  amount  of 
stress-free  dilation  and  to  the  square  root  of  the  charac¬ 
teristic  length  {0otH)  describing  the  spatial  distribution  of 
the  stress-free  dilation.  A  maximum  in  the  shielding  contri¬ 
bution  is  attained  when  the  crack  length  is  equal  to  the  char¬ 
acteristic  length  over  which  the  stress-free  dilation  occurs. 
When  the  crack  length  is  considerably  longer  than  this  char¬ 
acteristic  length,  the  shielding  A/T  depends  weakly  on  crack 
length. 


IV.  FREE  SURFACE  EFFECTS 

The  results  expressed  in  Eqs.  ( 12)  and  ( 14)  do  not  expli¬ 
citly  account  for  the  proximity  to  the  crack  tip  of  the  free 
surface  of  the  half  space,  since  the  basic  solutions  for  the 
interaction  of  the  dilating  spots  with  a  crack,  Eqs.  (7)  and 
(8),  are  valid  for  a  semi-infinite  crack  and  a  crack  of  length 
2oo  in  the  infinite  solid,  respectively. 

In  order  to  examine  the  effect  of  the  proximity  of  the  free 
surface  to  the  crack  tip,  we  use  a  solution  from  the  Stress 
Analysis  of  Cracks  Handbook  (entry  8.4).'*  This  solution  is 
applied  to  the  geometry  of  Fig.  3(b),  in  which  there  is  a 
constant  dilation  of  magnitude  6^  extending  from  x  =  0 
(which  is  the  location  of  the  free  surface)  to  x  =  H.  The 
result  is 


I -0.663.  ao<H\ 

^  1  -  0.376  sin  -  'IH/Oo  )F(H /a^ ),  <7o  i 

(15) 

where  Fis  a  slowly  varying  function  which  takes  the  value 
1 .30  when  H  /Oq  =  0  and  the  value  1 . 1 22  when  H  /Og  =  1  ■ 
The  predictions  of  Eq.  (IS)  which  account  for  the  pres¬ 
ence  of  the  free  surface  at  x  =  0  are  compared  to  those  of  Eq. 
( 14)  in  Fig.  6.  It  is  seen  that  both  approaches  predict  similar 
trends  on  the  dependence  of  toughening  AF  on  crack  length 
Of, .  The  presence  of  the  free  surface  leads  to  higher  enhance¬ 
ment  in  the  near-tip  stress  intensity  factor  because,  in  that 
case,  the  half-space  is  more  compliant  than  the  full  space 
with  the  semi-infinite  crack. 

V.  DISCUSSION 

As  an  example  of  the  applicability  of  the  results  in  Figs.  4 
and  5,  we  consider  the  data  of  Cerqua  et  a!.*  on  ion  exchange 
in  phosphate  glass.  The  Young’s  modulus  is  £  =  60  GPa, 
and  the  Poisson  ratio  is  v  =  0.25.  The  value  of  the  maximum 
stress-free  dilation  (occuring  at  the  free  surface)  is  about 
0.0045,  and  the  decay  length  /?  =  15  ^m.  Using  =  0. 1 
MPa  v'm  for  the  fracture  toughness  of  the  glass,  and  a  base 


Fk.  S.  Nondimcmienal  thiddini  for  the  cate  of  oonttant  Mraw-free  dila-  Fks.  6.  Nondinwmiofial  ahidding,  doe  to  a  layer  of  thickiNn  /f  on  the 
tionir  alayerofthiekiieMMTlMatynploliercraltitvalidfor«,>Ff.  (h)ii  lurfaceofahalfipacewithaciaekoflenilha,  normaliolhefreeturface, 
the  lame  venion  as  (a)  with  the  horizontal  axis  magaKed.  when  the  free  surface  effeett  are  accounted  and  when  they  arc  neglectad. 
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fracture  stress  of  20-25  MPa  for  the  unstrengtheoed  speci¬ 
mens,  the  crack  size  is  found  to  be  Oq  =  A-i/im.  As  an  exam¬ 
ple  of  the  enhancement  in  the  near  tip  stress  intensity  factor, 
a  crack  length  of  Oq  =  S  /rm  yields  LX  =  —  0.33  MPa  v'm. 
Using =  0.3  MPa  \/m  yields^m.  The  value Oq  =  50 /rm 
yields  AAT  =  —  0.28  MPa  -v/m.  It  is  concluded  that  for  ion 
exchange  in  phosphate  glass  the  shielding  due  to  the  residual 
stress-free  dilation  is  comparable  to  or  in  excess  of  the  intrin¬ 
sic  fracture  toughness  of  the  brittle  material  itsdf. 

In  the  discussion  above  it  has  been  assumed  that  the  crack 
remains  open  at  fracture  so  that  no  crack  closure  occurs.  It  is 
known,  however,  that  crack  closure  may  occur  when  the 
crack  is  subjected  to  nonuniform  stresses  that  vary  from 
compression  to  tension.  Crack  closure  has  been  discussed  by 
Green,”  by  Thresher  and  Smith,'*  and  by  Bakioglu  et  at.'* 
Here  we  present  a  simple  model  which  estimates  the  amount 
of  crack  closure  in  terms  of  the  compressive  stress  due  to  the 
surface  layer  and  of  the  tensile  applied  stress  which  leads  to 
failure. 

At  failure  the  crack,  of  total  depth  Oq,  is  under  the  action 
of  the  (tensile)  fracture  stress  Of  and  of  the  compressive 
stress  a=  —Oo  exp  {  —  x/P)  due  to  the  residually  stressed 
layer.  In  our  simple  model,  we  assume  that  the  crack  closes 
over  a  distance  c  so  that  at  x  =  c  the  net  stress  changes  from 
compressive  to  tensile.  This  implies  that  the  open  portion  of 
the  crack  has  length  2a  =  ao  —c.  A  simple  calculation 
yields 


c<ao 


(16) 


where  is  the  magnitude  of  the  maximum  compression  at 
the  surface,  and  is  related  to  the  maximum  stress-free  dila¬ 
tion  by 


<^o 


EOq 

3(1  -V)  ■ 


(17) 


For  example,  using  15  Aim,  d,,  =0,0045.  ir^  =  110 
MPa,  Eq.  ( 17)  yields  =  120  MPa,  and  Eq.  (16)  yields 
c  =  1.3  /im  for  the  amount  of  crack  closure. 

The  simple  analysis  presented  above  is  valid  in  the  limit 
when  the  crack  depth  a^  greatly  exceeds  the  characteristic 
length  ^  of  the  compressive  layer.  A  more  careful  analysis  of 
closure  in  the  interior  crack  of  total  physical  lengith  la^  is 
that  of  Thresher  and  Smith, "  where  it  was  assumed  that  the 
crack  tip  will  close  when  the  local  stress  intensity  Cmtor  van¬ 
ishes.  This  analysis  was  applied  to  the  exponentially  decay¬ 
ing  compression  due  to  the  ion  exchange  layer  to  yield  the 
following  expression  for  the  amount  e  of  crack  cloaure 

c  =  Z),^ln^~j-X),,  c<flo,  (18) 

where  the  coefficients  D,  and  Z),  are  weak  functions  of  the 
ratio  0^/0  as  shown  in  Fig.  7.  When  Eq.  ( 18)  is  applied  to 
the  same  data  discussed  above  (^=  ISA/m.  =  llOMPa. 
<70  =  120  MPa,  Oq  SO/rm)  the  resulting  amount  of  crack 
closure  is  c  =  1 .34 /rm.  We  also  observe  that  when  >  A  the 
coefficient  2),  approaches  the  value  1  and  2),  approaches  0, 
thus  reowering  the  simple  result  of  Eq.  ( 16).  On  (he  other 
haml,  using  Og  ■■  5  Atm,  we  get  for  the  amount  of  crack  clo- 


Fic.  7.  The  nondimensional  ooeflicienu  entering  the  calculation  of  crack 
closure  e  for  an  interior  crack  of  original  length  2oo .  whose  length  at  frac¬ 
ture  is  2u. 


sure  c  =  1.30 Aim  from  Eq.  (16),  and  c  =  1.38  Aim  from  Eq 
(18). 

It  is  concluded  that  the  simple  expression  of  Eq.  ( 1 6)  pro¬ 
vides  an  accurate  estimate  of  crack  closure,  and  that  crack 
closure  may  be  a  significant  portion  of  the  physical  crack 
depth  iio-  It  is  thus  seen  that  the  surface  compressive  layer 
has  a  double  effect.  It  provides  a  shielding  contribution 
LK  <  0,  and  it  tends  to  close  the  physical  crack  depth  so  that 
the  effective  crack  length  2a  is  smaller  than  the  original 
crack  depth  Uq. 

VI.  CONCLUSIONS 

A  simple  model  has  been  presented  to  account  for  the 
interaction  between  a  surface  crack  and  a  surface  layer 
which  is  in  a  state  of  residual  compression.  The  compression 
was  viewed  as  arising  from  the  stress-free  dilation  of  infini¬ 
tesimal  spots  within  the  layer.  The  emphasis  was  on  deriving 
simple,  closed-form  solutions.  The  applications  include  epi¬ 
taxial  films,  films  in  compression  due  to  the  deposition  pro¬ 
cess,  or  ion  exchange  films. 

The  main  result  is  that  a  shielding  of  the  crack  tip  devel¬ 
ops.  The  effective  manifestation  of  shielding  is  to  make  the 
material  appear  tougher  in  the  sense  that  higher  applied 
loads  are  required  for  fracture,  although  the  intrinsic  frac¬ 
ture  toughness  of  the  material  is  not  altered.  The  amount  of 
shielding  depends  on  the  Young’s  modulus,  the  amount  of 
stress-free  dilation  on  the  surface  of  the  material,  and  the 
square  root  of  the  characteristic  dimension  of  the  layer.  TTie 
shielding  is  localized  in  the  sense  that  it  exhibits  a  maximum 
when  the  crack  depth  is  equal  to  the  characteristic  length 
scale  of  the  compressive  layer.  When  the  crack  length  greatly 
exceeds  the  length  of  the  layer,  the  amount  of  shielding  de¬ 
pends  weakly  on  the  amount  of  crack  growth.  Another  result 
of  the  surface  compressive  layer  is  to  induce  crack  closure  by 
amounts  comparable  to  the  characteristic  length  of  the  com¬ 
pressive  layer. 
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Thaimal  conductivity  of  dielectric  thin  films 
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A  direct  reading  thermal  comparator  has  been  used  to  measure  the  thermal  conductivity  of 
dielectric  thin-film  coatings.  In  the  past,  the  thermal  comparator  has  been  used  extensively  to 
measure  the  thermal  conductivity  of  bulk  solids,  liquids,  and  gases.  The  technique  has  been 
extended  to  thin-film  materials  by  making  experimental  improvements  and  by  Ae  application 
of  an  analytical  heat  flow  model.  Our  technique  also  allows  an  estimation  of  the  thermal 
resistance  of  the  film/substrate  interface  which  is  shown  to  depend  on  the  method  of  film 
deposition.  The  thermal  conductivity  of  most  thin  films  was  found  to  be  several  orders  of 
magnitude  lower  than  that  of  the  material  in  bulk  form.  This  difference  is  attributed  to 
structural  disorder  of  materials  deposited  in  thin-film  form.  The  experimentation  to  date  has 
primarily  centered  on  optical  coating  materials.  These  coatings,  used  to  enhance  the  optical 
properties  of  components  such  as  lenses  and  mirrors,  are  damaged  by  thermal  loads  applied  in 
high-power  laser  applications.  It  has  been  widely  postulated  that  there  may  be  a  correlation 
between  the  thermal  conductivity  and  the  damage  threshold  of  these  materials. 


I.  INTRODUCTION 

In  1984,  Decker  et  al.'  reported  the  measurement  of 
thermal  conductivity  for  thin  films  of  SiO^  and  Al^Oj.  Val¬ 
ues  were  found  to  be  one  or  two  orders  of  magnitude  lower 
than  those  for  the  corresponding  bulk  materials.  The  au¬ 
thors  attributed  this  difference  to  the  unique  microstructure 
of  dielectric  thin  films  which,  along  with  defects  and  impuri¬ 
ties,  would  be  expected  to  reduce  the  phonon  mean  free  path, 
and  thus  the  thermal  conductivity.  Work  by  others  has  re¬ 
cently  reinforced  these  findings  for  other  dielectric  coat¬ 
ings.’ 

Low  thermal  conductivity  has  important  implications 
for  electrical  and  optical  applications,  where  heat  deposited 
in  a  thin  layer  must  be  dissipated  in  order  to  prevent  damage. 
A  recent  review  by  Guenther  and  Mclver’  discusses  these 
implicatims  which  derive  from  the  relation  between  the  «i- 
ergy  density  at  damage  E,  and  the  material  properties  of  the 
film 

E,^T,yl{pckt^),  (1) 

where  T,  is  the  temperature  level  at  damage  (typically  the 
melting  point  of  the  film  material),  p  is  the  density,  c  is  the 
heat  capacity,  k  is  the  thermal  conductivity  of  the  film,  and 
is  the  laser  pulse  length  which  causes  damage.  Relation 
( I )  results  from  the  work  of  Goldenberg  and  Tranter*  who 
analyzed  the  time-dependent  heat  transfer  due  to  a  spherical 
absorbing  inclusion  embedded  within  an  infinite  nonabsoib- 
ing  matrix.  Although  the  heat  capacity  and  density  of  optical 
thin  films  are  close  to  the  properties  of  the  bulk  solids, '  this  is 

*’ Now  at  Lord  Cofp.,  Cary,  NC. 

*’  Now  at  Coherent,  Inc.,  Palo  Aho,  CA. 

*’New  at  Meadowlark  Optics,  Lonimont,  00. 

**  Author  to  whom  an  cortespotideiReshonld  be  addreaied. 


not  the  case  for  the  thermal  conductivity  which,  being  con¬ 
siderably  lower  for  thin  films,  leads  to  lower  values  of  the 
damage  threshold  energy  densities.  Thus,  models  which  ac¬ 
count  for  thermal  transport  in  thin-film  structures  may  have 
no  predictive  value  if  they  employ  bulk  thermal  conductivity 
data.  For  example,  lack  of  Urn  conductivity  data  imposes 
serious  limitations  on  heat  dissipation  models  in  optical  ele¬ 
ments  and  arrays.* 

Most  techniques  utilized  to  measure  the  thermal  con¬ 
ductivity  of  thin  solid  films  are  difiBcult  and  time  consuming. 
In  Decker’s  work  a  thin-film  thermocouple  was  deposited 
directly  onto  a  sapphire  substrate,  subsequently  overcoated 
with  the  test  film  and  a  second  thin-film  thermocouple. '  Ono 
et  a!.*  developed  a  technique  for  measuring  the  thermal  con¬ 
ductivity  of  diamond  films,  which  involved  the  application 
of  black  paint  to  the  front  and  rear  surfaces  of  the  free-stand¬ 
ing  film  sample.  Other  techniques  involve  complex  optical 
systems.’  When  applied  to  free-standing  films,  such  tech¬ 
niques  do  not  allow  the  estimation  of  any  interfacial  thermal 
properties,  such  as  the  interfacial  thermal  resistance,  which 
are  expected  to  become  increasingly  important  as  the  films 
become  thinner. 

This  article  describes  a  method  develqied  at  the  Labo¬ 
ratory  for  Laser  Energetics*  which  is  rdativdy  rapid,  non¬ 
destructive,  and  can  be  applied  tosamples  in  a  conventimial 
film-on-tubstrate  geometry.  The  thermal  conductivity  val¬ 
ues  obtained  are  those  in  the  direction  normal  to  the  film 
surface.  The  interfacial  thermal  properties  can  also  be  evalu¬ 
ated  from  the  experimental  measurements.  Our  daU  suggest 
that  thermal  conductivity  of  many  materials  in  thin-film 
form  is  significantly  lower  than  in  bulk  form,  and  that  the 
interfadal  thermal  resistance  depends  on  the  method  of  film 
dqMsition.  '  ■ 
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II.  THE  THERMAL  COMPARATOR 

The  thermal  comparator  technique  for  meatoang  the 
thermal  conductivity  ^bulk  solids  has  been  extensively  de¬ 
scribed  by  Powell.’’"’  A  thermal  comparator,  oonsislang  of  a 
sample  stage  and  a  control  module  was  purdmsed  in  1975 
(Rrf.  11)  to  perform  conductivity  measurements  bulk 
materials.  The  commercial  unit  was  converted  to  a  high- 
precision  device  by  temperature  controlling  both  tte  sam¬ 
ples  and  the  sample  stage,  and  by  averaging  dm  output  sig¬ 
nal.  The  thermal  conductivity  apparatus  now  consists  of  an 
environmentally  controlled  sample  chamber  enclosing  a 
sample  stage,  a  control  and  readout  module,  and  signal  pro¬ 
cessing  equipment,  as  shown  schematically  in  Fig.  1. 

The  principle  of  operation  and  calibration  fnocednre  for 
the  apparatus  are  shown  in  Fig.  2.  After  placing  a  test  sample 
on  the  sample  stage,  a  thermocouple  junction  sensiqg  tip  is 
raised  into  contact  with  the  sample  surface.  The  two  anrfaces 
are  kept  in  contact  by  applying  a  small  force,  usnally  5  or  10 
g,  which  compresses  the  sensing  tip  onto  the  film/sobstrate 
assembly.  Heat  flows  from  the  hot  tip  (56  *C)  to  the  cooler 
sample  ( 36  *C ) .  Within  a  short  time,  typically  10  s,  a  steady- 
state  condition  is  established.  A  voltage,  generated  by  the 
temperature  difierence  between  the  sensing  tip  and  a  refer¬ 
ence  junction,  is  acquired  by  the  control  module.  A  personal 
computer  collects  several  voltage  signals,  averages  them, 
and  stores  them.  Bulk  materials  of  known  conductivity  are 
used  to  generate  a  thermal  conductivity  calibratkm  curve. 
Unknowns  are  compared  to  these  standards  to  flad  their 
apparent  conductivity. 

Substrates  of  highly  conductive  materials  such  as  sap¬ 
phire  and  silicon  are  preferred  for  studying  the  thermal  con¬ 
ductivity  of  insulative  thin  films.  When  a  coated  sufastiate  is 
evaluated,  the  presence  of  a  film  causes  the  substrate  to  regis¬ 
ter  a  substantially  reduced  value  of  thermal  conductivity. 
Knowing  the  thermal  conductivity  of  the  substrate,  an  ana¬ 
lytical  model  provides  the  means  of  extracting  the  film’s 
thermal  conductivity. 

Hi.  ANALYTICAL  MOOEUNQ 

The  thermal  comparator  technique  is  useful  for  MMiting 
thermal  conductivity  measurements  on  bulk  materials. 
When  a  substrate  coated  with  an  insulating  film  is  tested,  the 
comparator  indicates  a  reduction  in  the  apparent  conductiv¬ 
ity  of  the  specimen.  Modeling  is  required  to  extract  dm  film 
conductivity  from  the  apparent  conductivity  measnrad  by 
the  apparatus.  In  what  follows,  the  subscript  "app”  denotes 
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FIG.  2.  Piinciple  of  operation.  The  tip  of  the  heated  thennocoupk  probe 
(56  *C)  ia  cooled  when  contacted  to  the  coated  tubstrate  (36  ’C).  A  voltage 
generated  between  the  probe  junction  and  an  internal,  heated  control  junc¬ 
tion  reaches  a  steady-state  value  and  is  recorded.  Thermal  conductivity  is 
determined  by  comparing  calibration  standard  signals  with  unknowns.  The 
thin-ftlm  coating  causes  a  reduction  in  the  conductivity  of  the  substrate  ma¬ 
terial,  which  is  usually  silicon  or  sapphire.  Note:  Bulk  calibration  constants 
supidied  by  the  instrument  manufacturer  are  for  specific  materials  as  fol¬ 
lows:  Gists  ■■Coming  Code  7740.  Ti— AllO  AT  (Ti-5A1-2.5SN)  Alloy. 
SS — 316  stainless  steel.  Fe — Atmco  Iron.  Quartz — fused  silica.  Cu — Ber- 
ilco  copper. 


the  apparent  conductivity  for  the  film/inteiface/substrate 
assembly  as  measured  by  the  thermal  comparator.  The  sub¬ 
script  “eff”  denotes  the  eflective  conductivity  for  the  film 
which  includes  any  interfacial  effects  due  to  the  interface 
between  film  and  substrate,  or  between  film  and  sensing 
probe  tip.  The  subscript  “F”  denotes  the  conductivity  of  the 
thin  film  material.  The  analytical  model  consists  of  two 
parts:  first,  the  extraction  of  k^g  from  the  measured  ,  and 
then  the  extraction  of  kg  from  k^. 

The  analytical  treatment  of  heat  flow,  from  a  circular 
region  of  radius  a  on  the  surface  of  a  semi-infinite  half-space 
of  uniform  conductivity  k,  can  be  found  in  Carslaw  and  Jae¬ 
ger,'^  where  the  thermal  constriction  is  defined  as  the  ratio 
of  temperature  increase  to  power  flowing  through  a  spot  of 
size  a.  We  define  the  thermal  resistance  R  in  a  slightly  differ¬ 
ent  manner,  namely  as 

A  =  Ar/(C/i4),  (2) 

where  A  Tis  the  average  change  in  temperature  over  the  area 
A  of  the  circle  of  radius  a  {A  :=  ird^)  as  compared  to  the 
temperature  of  the  substrate  far  from  the  heated  spot,  and  Q 
is  the  net  power  passing  through  A.  The  thermal  resistance 
can  be  calculated  if  the  distribution  of  power  flux  q{.  r)  (pow¬ 
er  per  unit  area)  is  known.  The  power  flux  q(r)  is  related  to 
the  power  0  by 

0  =  j^q(r)2irrdr.  (3) 

For  the  spedflc  power  flux  distribution 

9(r)  =  C/(2w»>/a^-r*),  (4) 

ovCT  0<r<a  and  vanishing  otherwise  (which  makes  the 
area  within  the  circle  of  radius  a  isothermal)  the  thermal 
resistance  can  be  calculated  baaed  on  the  analysis  of  Carslaw 
and  Jaeger.'^  It  is  given  by 

R-(ir/4)(a/*).  (5) 

Numerical  analysis  by  using  finite  dements'^  was  also  em¬ 
ployed  in  order  to  crtaMish  that  the  thermal  resistance  as 
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calculated  in  (S)  is  not  very  sensitive  to  the  specific  power 
flux  distribution  over  the  circle.  For  example,  when 

9(f)  =-^  or  (6) 

nr  2n<r\  <rJ 

over  0<r<a  and  vanishing  otherwise,  it  was  found  that  the 
thermal  resistance  increased  by  10%  and  15%,  respectively, 
over  the  value  of  Eq.  ( 5 ) . 

Diyden'^  extended  the  analysis  of  Carslaw  and  Jaeger 
to  the  case  of  a  film  of  thickness  /  and  thermal  conductivity 
which  is  bonded  to  a  substrate  of  thermal  conductivity 
ks  and  of  semi-infinite  extent.  Employing  the  power  flux 
profile  of  Eq.  (4),  Dryden’s  work  is  used  to  evaluate  the 
thermal  resistance  as 


+  (7a) 

*  *dr  "  *=  I 

where  is  a  definite  integral  involving  trigonometric  and 
Bessel  functions,  and 


e=0(k^/ks) 


{k^/ks)-\ 

Ikfg/kg)  -J-  1 


(7b) 


On  the  o'her  hand,  treating  the  film/interface/substrate 
assembly  as  a  semi-infinite  solid  of  apparent  thermal  con¬ 
ductivity  k,pp,  where  k,^  is  measured  directly  by  the  ther¬ 
mal  comparator,  the  thermal  resistance  is  given  by 


R  =  (ir/4)(a/k^).  (8) 

Equating  the  thermal  resistance  given  by  Eq.  (7a)  to  the 
thermal  resistance  given  by  Eq.  (8)  yields  the  relation 


*eir  -  -  1 


(9) 


with  0  =  0(k^/ks )  given  by  Eq.  (7b).  Equation  (9)  relates 
the  experimentally  measured  k,pp  to  the  thermal  conductiv¬ 
ity  of  the  film/interface  k^  and  the  thermal  conductivity  kg 
of  the  substrate  if  the  heat  flow  radius  a  and  the  thickness  t  of 
the  film  are  known. 

When  the  film  thickness  t  is  much  smaller  than  the  size  a 
of  the  heat  flow  radius  and  with  then  Eq.  (7a) 

is  simplified  to 


R 


t 

*  k,  k^- 


(10) 


This  equation  provides  the  thermal  resistance  as  a  per¬ 
turbation  from  the  case  when  there  is  no  film  at  all.  The  first 
term  in  Eq.  ( 10)  gives  the  thermal  resistance  for  a  spot  of 
radius  o  on  a  half-space  of  thermal  conductivity  k^  and  the 
second  term  gives  the  effect  of  the  film.  When  the  thermal 
resistance  of  Eq  .  ( 10)  is  set  equal  to  the  thermal  resistance  of 
Eq.  (8),  the  relation  between  the  measured  k^  and  the 
film/interface  k^  becomes 


Equation  (11)  is  to  be  seen  as  the  limiting  case  of  Eq. 
(9)  which  is  valid  for  arbitrary  t  /a.  Still,  Eq.  ( 1 1 )  is  men¬ 
tioned  here  because  it  shows  explicitly  the  dependence  <Ak^ 
on  the  measured  and  on  the  ratio  t/a  for  r/a<l.  The 
predicted  relation  between  and  A:,pp  as  given  by  Eq.  (9) 
and  asyminotkally  by  Eq.  ( 1 1 )  is  riiown  in  Fig.  3  for  several 


Flo.  3.  Compaiison  ofexact  and  asymptotic  relation  between  the  metsured 
and  the  film/inteiface  conductivity  as  predicted  from  Dryden’s 
work  (see  Ref.  14).  Drydens  expression,  Et).  (9),  is  indicated  by  the  solid 
hne.  The  asymptotic  approximation.  Eq.  ( 11 ),  is  indicated  by  the  dashed 
line. 


ratios  t/a.  For  the  thickest  films  considered  in  Fig.  3  (f/ 
fl  =  0. 1 ),  the  discrepancy  between  k^  (for  a  given  )  as 
given  by  Eq.  (9)  and  as  given  asymptotically  by  Eq.  (Il)is 
less  than  20%. 

As  will  be  discussed  below,  in  our  measurements,  the 
condition  a>r  was  satisfied  for  the  values  of  a  used,  so  that 
Eqs.  ( 10)  and  (11)  were  used  in  our  data  analysis. 

A  lower  bound  for  the  size  a  of  the  heat  flow  radius  is 
given  by  the  size  o,  of  physical  contact  between  the  sensing 
probe  tip  and  the  film/substrate  assembly.  Using  the  Hert¬ 
zian  theory  of  elastic  contact,'^  a  compressing  force  corre¬ 
sponding  to  a  mass  of  5-10  g,  a  radius  of  curvature  of 320^m 
for  the  probe  tip  (assumed  hemispherical),  and  elastic  prop¬ 
erties  for  the  material  of  the  probe  tip  (Young’s  mcxlulus  of 
165  GPa)  and  the  film  material,'^  a^  is  estimated  as  being 
between  lO/im  (for  oxide  films  such  as  Ti02  and  Si02)  and 
20  ^m  (for  fluoride  films  such  as  MgFj). 

Optical  shadowgraphy  was  used  to  observe  contact 
characteristics  between  Ae  probe  tip  and  a  test  sample.  Tak¬ 
ing  into  account  the  rdative  proximities  of  the  probe  tip  ge¬ 
ometry  and  the  test  sample,  an  upper  bound  for  the  heat  flow 
radius  was  estimated  to  be  180  ^rm.  Furthermore,  finite  ele¬ 
ment  analysis  of  the  heat  flow  Bom  the  probe  dp  to  the  fllm/ 
substrate  assembly  showed  that  the  region  over  which  signif¬ 
icant  heat  transfer  occurs  may  exceed  the  region  of  actual 
physical  contact.  Thus,  the  heat  flow  radius  is  estimated  to 
be  between  20  and  180 /rm. 

In  view  of  the  fact  that  the  lower  bound  is  based  on  an 
elastic  calculadon  assuming  that  the  probe  dp  is  perfectly 
hemispherical,  it  is  expected  that  the  actual  value  for  the 
heat  flow  radius  is  closer  to  the  upper  bound  of  180  /tm 
ratherthantothelowerbound(^20/4m.Besidesthesedbw- 
vadons,  the  actual  value  of  the  heat  flow  radius  could  not  be 
esdmated  to  a  better  d^ree.  Sdll,  the  error  introduced  via 
the  uncertainty  in  the  value  of  the  heat  flow  radius  was  esd¬ 
mated  as  described  below.  Thus,  our  results  can  be  easily 
scaled  if  a  more  precise  value  f(»- the  heat  flow  radius  can  be 
determined. 
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We  note  from  Eq.  (11)  that  for  a  given  measured 
on  a  film  of  thickness  r  on  a  substrate  of  conductivity  the 
chosen  value  of  a  and  the  resulting  value  of  satisfy 

ak^  =  constant  ( 12a) 

from  where  the  uncertainty  Aa  in  the  chosen  value  of  a  and 
the  uncertainty  Ak^  in  the  resulting  value  of  k^  are  related 
by 

t^k^/ka=  -t^a/a.  (12b) 

Thus,  with  a  between  20  and  180  ^m,  the  value  of  a  chosen 
was  l(X);<m,  so  that  the  uncertainty  in  k^  due  to  the  uncer¬ 
tainty  in  a  is  estimated  at  about  80%. 

It  must  be  noted  that  due  to  convection  and  conduction 
via  the  surrounding  fluid  (air  or  other  gas)  to  the  film/sub¬ 
strate  sample,  the  heat  flow  radius  may  exceed  the  actual 
contact  size  a^,  especially  when  the  surrounding  fluid  is 
highly  conductive,  or  the  film  is  thick,  or  the  film/interface 
conductivity  k^  is  very  low.  In  such  cases,  a  considerable 
amount  of  heat  flux  occurs  parallel  to  the  film,  thus  making 
the  appropriate  value  of  the  heat  flow  radius  larger  than  the 
actual  contact  size. 

In  order  to  account  for  such  effects  and  thus  find  more 
appropriate  values  of  a  for  use  in  Eq.  (9)  or  ( 1 1 ),  the  heat 
transfer  from  the  probe  to  the  film/substrate  sample  was 
analyzed  using  the  finite  element  code  ANSYS.'^  Because 
the  film  conductivity  is  specified  in  the  finite  element  model, 
Eq.  (7a)  can  be  used  to  extract  the  appropriate  heat  flow 
radius,  which  is  called  .  It  was  found  that  for  a  given  ge¬ 
ometry  and  environment,  the  appropriate  heat  flow  radius 
is  solely  a  function  of  the  actual  contact  size  a,  and  the 
film/interface  conductivity  k^.  The  heavy  solid  line  in  Fig. 
4  shows  how  the  ratio  a^/a^  depends  on  k^  for  a  10-/im- 
thick  film  deposited  on  sapphire  and  assumed  to  be  sur¬ 
rounded  by  air.  The  light  lines  were  derived  analytically  by 
noting,  from  Eq.  ( 10),  that  the  effect  of  the  film  is  felt  only 
through  the  term  i  /k^ .  Thus,  the  light  lines  in  Fig.  4  were 
fitted  to  the  equation 

aA/ac=At/k,„),  (13) 

where  the  function  A  )  evaluated  from  the  finite  ele- 


FIO.  4.  Tile  appropriate  beat  Ikm  radius  a  to  be  used  in  Dryden’t  expres¬ 
sion  (see  Ref.  14)  in  terms  of  the  siie  of  physiol  contact  of  the  fllm/sub- 
nrateeanduetririty  k^,  and  of  the  Um  thickness  r.  The  heavy  solid  Une  is 
from  a  Inite  element  model  (FEM);  the  other  tines  ara  from  dimensional 
analysis.  The  meiham  is  air  and  the  snbatrate  is  sapphire. 


ment  resulU  (the  heavy  sohd  line  in  Fig.  4).  It  is  seen  that 
when  the  film/interface  conductivity  k^  is  lower  than  some 
critical  value,  the  appropriate  a,,  to  be  used  in  Eq.  (9)  con¬ 
siderably  exceeds  the  size  of  physical  contact. 

The  asymptotic  Eq.  (11)  relating  the  measured  k^  and 
the  extracted  k^  can  be  further  used  to  ascertain  the  effect  of 
various  substrates  through  the  substrate  omductivity  kg.  It 
is  immediately  seen  that  when  the  measured  k^  is  close  to 
the  substrate  conductivity  k^,  the  resolution  of  Eq.  ( 1 1 )  rap¬ 
idly  diminishes.  For  this  reason,  we  try  to  avoid  evaluation  of 
films  which  give  readings  close  to  the  substrate  conductivity. 
In  this  range,  the  presence  of  noise  in  the  system  is  suflicient 
to  produce  extremely  large  errors  in  the  output  film  conduc¬ 
tivity.  Results  are  most  reliable  when  the  film  has  a  conduc¬ 
tivity  which  is  much  lower  than  the  substrate  conductivity 
kg .  The  measured  k^p^  is  then  measurably  reduced  due  to  the 
presence  of  the  film,  and  the  potential  error  due  to  factors 
such  as  system  noise  is  minimized. 

Another  limitation  imposed  by  the  model  leading  to  Eq. 
( 1 1 )  is  that  we  need  supporting  substrates  which  are  large 
enough  to  be  considered  semi-infinite  half  spaces,  i.e.,  the 
films  must  be  deposited  on  substrates  which  are  large 
enough  that  they  may  be  considered  to  be  perfect  heat  sinks. 
Minimum  sample  size  depends  on  film  and  substrate  ther¬ 
mal  properties.  For  example,  for  most  films  on  silicon  or 
sapphire  substrates,  the  minimum  sample  size  is  about  25 
mm  in  diameter  by  about  10  mm  thick. 

A  final  limitation  arises  from  the  fact  that  the  applica¬ 
tion  of  the  load  that  compresses  the  probe  tip  onto  the  film/ 
substrate  sample  causes  a  localized  thinning  of  the  film  im¬ 
mediately  underneath  the  probe  tip.  The  elastic  solution  by 
Yu,  Sanday,  and  Rath'*  for  the  indentation  by  a  hemispheri¬ 
cal  probe  tip  of  a  film/substrate  assembly  was  used  in  order 
to  estimate  that  for  t4o,  as  was  the  case  in  our  measure¬ 
ments  to  be  reported  in  the  sequel,  the  thinning  Af  of  the  film 
sample  can  be  estimated  from 


W-(W]' 

(14) 


where  P  is  the  load,  is  the  radius  of  curvature  of  the 
probe  tip,  and  v,£  are  Poisson’s  ratio  and  Young’s  modulus 
of  the  probe  tip  (subscript  p),  the  substrate  (subscript  S), 
and  the  film  (subscript  Table  I  shows  the  thinning  in 
terms  of  Eg  and  when  the  probe  tip  has  £,  =  165  GPa, 
for  a  load  of  5  g,  and  for  =  320 /im.  For  stiff  films  (e.g., 
oxides)  on  stiff  substrates  (such  as  sapphire  or  silicon)  the 


TABLE  I.  Approximate  values  of  dim  thinning  with  load  of  S  g  and  radius 
of  curvature  cf  probe  tip  320/im.  and  Eg  are  the  Young's  modulus  of  the 
dim  and  of  the  substrate,  respectively. 


&r 

{ftm} 

£j-200OPa 

£5 -60  GPa 

£r(OPa)  200 

0.03 

0.02 

60 

0.03 

0.02 

12 

024 

0.18 

6 

0.42 

0.37 
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thinning  is  a  few  hundredths  of  a  micron.  For  compliant 
films  (c.g.,  fluorides)  on  stiff"  substrates,  the  thinning  is  on 
the  order  of 0.05-0.030^m.  Thus,  when  the  film  thickness  of 
compliant  films  is  on  the  order  of  0. 1-0.5  /zm,  the  changes  in 
geometry  due  to  localized  thinning  are  significant  and  the 
local  value  of  the  film  thickness  is  quite  different  from  the 
nominal  film  thickness. 

It  must  be  pointed  out  that  Eq.  (7a )  or  ( 10)  results  from 
a  two-dimensional  heat  flow  analysis  which  couples  an  axial 
length  scale  ( the  film  thickness  / )  to  a  transverse  length  scale 
(the  heat  flow  radius  a).  When  a  one-dimensional  heat  flow 
analysis  is  carried  out  (which  would  be  strictly  valid  when 
the  heat  flow  radius  a  greatly  exceeds  the  film  thickness  t  and 
the  substrate  thickness  L,  although  we  still  have  Lyt)  the 
result  is 


In  view  of  the  fact  that  the  thickness  of  the  substrate  (typi¬ 
cally  several  millimeters  in  our  experiments)  can  greatly  ex¬ 
ceed  the  heat  flow  radius  a  ( ~  100/zm),  it  is  concluded  that 
a  one-dimensional  analysis  may  greatly  underestimate 
unless  precautions  are  taken  to  actually  validate  the  assump¬ 
tions  upon  which  such  a  one-dimensional  calculation,  viz. 
Eq.  (15),  is  derived. 

Once  the  conductivity  of  the  film/interface  is  deter¬ 
mined  from  Eq.  (9)  or  (11)  for  a  specific  film  thickness  f 
( typically  in  the  range  of  a  few  microns,  as  will  be  presented 
in  the  sequel),  the  film  conductivity  kf  is  evaluated  by  not¬ 
ing  that,  sinci-  j  )>  /.  the  heat  flow  within  the  film  is  essentially 
one-dimensionai  and  normal  to  the  film/substrate  interface 
or  to  the  interface  between  the  probe  tip  and  the  film.  Denot¬ 
ing  by  R,„,  the  thermal  resistance  due  to  any  interfaces,  R,„, 
is  defined  by 

R,„,=M,„,/(Q/A,„,),  (16) 

whereAr,„,  is  the  temperature  drop  across  the  interface  (of 
cross-sectional  area  A,„, )  and  Q/A,„,  is  the  power  flux 
across  the  interface.  A  one-dimensional  heat  flow  analysis  is 
now  applicable;  it  yields 

t -  {t /kf)  +  R,„„  (17) 

which  implies  that  a  plot  of  t  /k,g  vs  r,  with  found  from 
Eq.  (9)  or  ( 1 1 ),  has  slope  equal  to  l/kf  and  intercept  of 

In  view  of  the  fact  that  the  uncertainty  Aa  in  the  heat 
flow  radius  a  produces  an  uncertainty  in  k^  as  shown 
in  Eqs.  ( 12a)  and  ( 12b),  and  since  k^n  is  linearly  related  to 
kf  viz.,  Eq.  (17),  the  resulting  uncertainty  AAe^  in  the  film 
conductivity  k^  also  satisfies 

akf  =  consunt  ( I8a) 

or 

^kf/kf^  -Afl/fl.  (18b) 

In  a  similar  fashion,  the  resulting  value  for  depends  on 
the  value  a  used  for  the  heat  flow  radius  via 

/I„„/o  =  constant  (19a) 

or 

(I9b) 


Since  the  uncertainty  in  a  has  been  previously  estimated  at 
Aa/a  =  80%,  it  is  concluded  that  a  similar  amount  of  error 
is  present  in  Lkf/kf  and  in  /R^, . 

IV.  PROCEDURE 

The  experimental  and  analytical  procedure  used  to  de¬ 
termine  the  thermal  conductivity  of  tUn  films  and  the  ther¬ 
mal  resistance  of  any  interfaces  is  summarized  in  flow  chart 
form  in  Fig.  5,  which  shows  one  run  in  which  about  five  film 
samples  and  six  calibration  standards  are  evaluated.  Each 
run  takes  approximately  1  h.  Generally,  six  similar  runs  are 
conducted  on  a  given  sample  set.  The  results  of  these  runs  are 
averaged  to  provide  the  value  of  .  Once  the  value  of  k^ 
is  determined,  the  value  of  the  film/interface  conductivity 
k^  is  calculated  from  Eq.  (11).  The  value  of  the  heat  flow 
radius  used  in  this  step  was  taken  to  be  100 /zm,  as  discussed 
previously.  Finally,  t  /k^  is  plotted  versus  film  thickness  /  in 
order  to  extract  the  film  conductivity  kp  from  the  slope  of 
the  straight  line  and  the  interfacial  thermal  resistance  /Ij,,, 
from  the  intercept  of  the  straight  line  with  the  ordinate. 


V.  RESULTS 

Tables  II-VII  show  the  results  of  testing  in  the  form  of 
the  measured  value  of  A;.pp  vs  film  thickness  /.  These  tables 
include  the  film  material,  the  substrate,  the  load  used,  as  well 
as  the  extracted  values  for  the  film  conductivity  kp  and  for 
the  interfacial  thermal  resistance  R,„, .  The  data  shown  are 
for  films  deposited  either  on  sapphire  (of  conductivity  kg 
=  35  W/m  K )  ”  or  single-crystal  silicon  ( 38  mm  diameter 
by  6  mm  thickness)  with  a  crystal  orientation  of  ( 1 1 1 )  (of 
conductivity  =  150  W/m  K)  ”  or  for  films  deposited  on 
fused  silica  (of  conductivity  kg  =  1.41  W/mK).*°  The 
plotsofr/A;^  versus  film  thickness /are  shown  in  Figs.  6-11, 
where  the  straight  lines  used  to  extract  kp  and  are  also 


FIG.  S.  Experimenul  and  analytical  procedure  for  findinf  the  conductivity 
of  the  thin  Aim.  For  a  given  thickness,  six  runs  ate  typically  conducted  and 
averaged. 
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TABLE n.Meuuiedt^  (W/mK)vtUiickiic»0iin)<brSiOiODfi]icoD 
lutMtntes  with  two  ikpotitioatectiniqiies  and  loads  of  Sand  10|.Theex- 
tncted  film  conductivity  kf  (W/m  K)  and  inteifada!  thermal  resistance 
Jt„  (mm’ K/W)  are  also  shown. 


Method/material/substrate 

Thickness 

EBE  SiOj/silicon 

1.07 

load:  5.0  g 

0.52 

30.9  ± 

3.0 

0.61 

I.OI 

21.7  ± 

1.3 

2.00 

15.8  ± 

1.3 

4.03 

13.7  ± 

0.6 

EBE  SiO]/silicon 

load:  10.0  g 

0.50 

42.2  ± 

6.5 

0.45 

0.11 

1.00 

23.6  ± 

4.0 

2.00 

15.0  ± 

0.8 

IBS  SOj/silicon 

load:  5.0  g 

0.50 

26.8  ±  10.7 

1.05 

1.78 

1.01 

23.3  ± 

4.1 

1.95 

18.4  ± 

1.6 

4.40 

16.0  i; 

1.2 

IBS  SOj/silicon 
load:  10.0  g 

0.50 

43.8  i: 

3.4 

0.41 

0.00 

1.01 

21.9  ± 

2.4 

1.95 

14.7  ± 

l.l 

4.40 

12.5  ± 

1.2 

TABLE  III.  Measured  ( W/m  K )  vs  thickness  (/im)  for  TiO,  films  on 
silicon  substrates  with  two  deposition  techniques  and  loads  of  S  and  10  g. 
The  extracted  film  conductivity  kf  (W/m  K)  and  interfacial  thermal  resis¬ 
tance  ( mm’ K/W)  are  also  shown. 


Method/material/substrate 

Thickness 

k„ 

kf 

EBE  TiOj/silicon 

load.  5.0  g 

0.52 

19.3  ±  4.5 

0.59 

2.7 

1.01 

16.0  ±  2.2 

1.57 

13.5  ±2.1 

2.05 

14.3  ±  2.2 

IBS  TiO/silicon 
load:  5.0  g 

0.50 

52.0  ±  7.4 

0.48 

0.54 

1.01 

24.7  ±  7.3 

1.99 

15.0  ±  1.8 

IBS  TiO]/tilioon 
load:  10.0  g 

0.50 

36.0  ±6.4 

0.48 

0.52 

1.01 

24.2  ±  2.0 

1  99 

18  9  ±  1.6 

4.02 

12.7  ±0.7 

TABLE  IV.  Measured  (W/m  K)  vs  thickness  (><m)  for  TO]  filmson 

various  substrates 


Method/material/substrate 

Thicknest 

k,  A« 

EBE  TiO|/aappliire 
load:  5.0  g 

0.060 

20.9  ±  1.5  . 

1.114 

22.2  ±2.7 

1.246 

23.7  ±4X1 

EBETICVsagphifs 

laadrlOOg 

OMO 

ltJ±24  . 

I.lfi4 

21.1  ±2.6 

IJ46 

29.2  ±6.1 

EBETiVIMiWca 

laad;S.0g 

1.46  ±011  . 

I.II4 

t.a±OI9 

1J46 

1.91  ±019 

OW  J.A«BLniy«..VaL«.No.f.1Naw«nBar1BW 


TABLE  V.  Measured  k^  (W/m  K)  vs  thickness  (>im)  for  various  oxide 
films  deposited  on  sapphire.  The  extracted  film  conductivity  k,  (W/m  K) 
and  inteffocial  thermal  resistance  A.,  (mm’K/W)  are  also  shoem. 


Method/material/substrate 

Thickness 

^F 

EBE  HlOj/sapphire 
load:  5.0  g 

0.257 

18.9  ±  2.0 

0.052 

<0 

0.442 

10.2  ±0.6 

0.495 

46.6  ±  2.5 

EBE  ScjOj/sapphire 
load:  5.0  g 

0.146 

17.2  ±1.4 

0.053 

<0 

0.292 

10.7  ±  0.4 

0.462 

28.0  ±  1.6 

EBE  ZtO].^tapphire 
load:  5.0  g 

0.151 

19.0±  1.9 

0.04 

<0 

0.317 

9.8  ±0.5 

0.465 

18.1  ±0.6 

EBE  Tb02/tapphire 
load:  5.0  g 

0.174 

25.1  ±2.9 

0.67 

0.60 

0.350 

23.2  ±  2.9 

0.396 

24.9  ±  3.5 

EBE  AljOj/sapphire 
load:  5.0  g 

0.173 

18.3  ±1.7 

0.292 

26.0  ±  1.6 

0.462 

20.5  ±  1.8 

EBE  CeOj/sapphire 
load:  5.0  g 

0.128 

19.4  ±  2.0 

0.257 

20.9  ±  2.0 

0.357 

17.2  ±  2.0 

TABLE  VI.  Measured  k^  (W/m  K)  vs  thickness  (/un)  for  various  fluo¬ 
ride  films  deposited  on  sapphire.  The  extracted  film  conductivity  k,  (W/ 
m  K)  and  interfacial  thermal  resistance  A„  (mm’ K/W)  are  also  shown. 


Method/material/substrate 

Thickness 

kg- 

EBE  AlF/sapphire 

0.194 

18.5  ±0.8 

0.31 

1.40 

load:  5.0  g 

0.388 

16.1  ±  1.2 

0.544 

37.0  ±4.0 

EBE  HlF^sapphire 

0.173 

9.7  ±1.1 

0.27 

2.40 

load:  5.0  g 

0.347 

13.2  ±0.6 

0.520 

11.9  ±  1.6 

EBE  YFy/sapphire 

0.162 

22.9  ±  2.2 

0.75 

0.97 

load.  5.0  g 

0.325 

22.3  ±  2.6 

0.403 

21.0  ±2.3 

EBE  CeFj/sapphire 

0.150 

24.4  ±2.1 

0.08 

<0 

load:  5.0  g 

0.300 

15.4  ±1.9 

0.470 

28.9  ±2.3 

EBEScF/sapphire 

0.189 

23.7  ±  1.8 

0.09 

<0 

load:  5.0  g 

0.379 

14.8  ±  1.3 

0939 

404  ±3.0 

EBEThF«/aappkiR 

0162 

209  ±  1.2 

OlO 

<0 

laad:9.0g 

0337 

14.3  ±  1.4 

0906 

27J±3.2 

EBELaF/aapplufc 

0.160 

19J±1.0 

... 

laad:9.0g 

0321 

23.7  ±2.1 

0473 

23.9  ±E9 

EBEMgFy'swiiiR 

0209 

39.3  ±E3 

lDad:9.0g 

0420 

36.7  ±09 

0913 

903±0I 

URfi>rapOUlM«f«ll  4S36 
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TABLE  VII.  Measured  (W/m  K)  vs  thickness  (/tin)  for  ZnS  and 
ciyoUte  dims  deposited  on  sapphire.  The  extracted  film  conductivity  k, 
(W/m  K)  and  interfacial  thermal  resistance  (mm^  K/W)  are  also 
shown. 

Method /material/substrate  Thickness  k^  kf 

EBE  ZnS/sapphire 

|oad:S.0g  0.190  20.7  ±  2.6 

0.477  33.1  ±2.1 

0.592  28.8  ±  1.8 

EBE  cryolite/sapphire 

load:  5.0  g  0.155  20.3  ±1.6  0.15  0.6 

0.464  13.2  ±0.5 


shown.  Also,  in  these  figures,  the  variation  of  itself  with  t 
is  also  shown.  Table  VIII  summarizes  our  extracted  values 
for  the  thin-film  thermal  conductivities  and  interfacial  ther¬ 
mal  resistances  in  addition  to  data  from  the  work  of  Decker* 
and  Risuu,^  and  thermal  conductivity  data  for  the  bulk  ma¬ 
terials. 

The  materials  tested  were  oxides  (SiOj,  Ti02,  Hf02, 


SC2O3,  ZrOj,  ThOj,  AljOj,  CeOj).  fluorides  (AIF3,  HfF4, 
YF„  CeFj,  ScFj,  ThF4,  LaFj,  MgFj),  and  a  few  other  films 
(ZnS,  Cryolite).  The  films  were  tested- by  using  a  load  of 
either  3.  S.  S.O,  or  10.0  g.  The  films  were  deposited  in  either  of 
two  ways:  ion  beam  sputtering  (IBS)  or  electron  beam  evap¬ 
oration  (EBE). 

For  Si02  films,  viz.  Figs.  6(a)-6(d)  and  Table  II,  in  the 
range  of  thicknesses  0  <  r  <4yzm,  it  is  observed  that  the  film 
conductivity  kf  is  not  constant,  but  instead  varies  with  the 
thickness  t,  since  the  plot  of  t  /k^  is  not  a  straight  line  over 
this  thickness  range.  Still,  for  thickness  <  2  fim,  the  results 
can  be  fitted  in  a  straight  line  to  give  the  value  of  kf  reported 
in  Table  II.  Table  II  also  shows  that  the  method  of  film 
deposition  does  not  appear  to  significantly  alter  the  film  con¬ 
ductivity  kf  or  the  interfacial  thermal  resistance  R,„t  at  the 
10-g  load.  This  is  not  the  case,  however,  at  the  5-g  load.  As 
can  be  seen  in  Table  11,  IBS  deposited  Si02  films  show  a 
higher  value  for  both  the  film  conductivity  and  interfacial 
thermal  resistance  than  do  the  EBE  deposited  Si02  films  at 
this  load.  At  this  point  in  time,  the  dependence  of  these  val¬ 
ues  on  the  load  used  has  not  been  precisely  determined. 

A  similar  discussion  follows  the  results  for  the  Ti02 


no.  6.  VaiialiMi  of  Md  r /A,  v«  f  for:  (a)  EBE  SKVSi  at  a  5.$  load;  (b)  EBE  SKVSi  at  1  Kkt  load;  (c)  ns  SKVSi  at  a  S-t  hMd;  (4)  IBS  SKVSi  at  a 

lOfload. 
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(e)  TmcIiiWM  (uni) 


FIG.  T.  VtriMianork^  for  (a)  EBETKVSi  at  a  ^-fload; 

(b)  IBS  TiO}/Si  al  a  5-f  load;  (c)  IBS  TiO^  at  a  I0-|  load. 


films  deposited  on  silicon  [Table  III,  Figs.  7(a)-7(c)  ].  Ta¬ 
ble  III  also  shows  that  the  method  of  deposition  does  not 
alter  significantly  the  value  of  the  film  conductivity.  Still  it 
appears  that  the  method  of  deposition  does  affect  the  interfa¬ 
cial  thermal  resistance  for  the  TiOj  films  as  the  EBE  deposit¬ 
ed  films  appear  to  have  higher  inteifacial  thermal  resistance 
than  the  IBS  deposited  films.  The  applied  load,  however, 
seems  to  have  little  effect  on  the  interfacial  thermal  resis¬ 
tance  for  the  IBS  deposited  TiOj  films.  Clearly,  more  data 
are  required  in  order  to  quantify  more  precisely  the  effect  of 
method  of  deposition  and  applied  load  on  the  interfacial 
thermal  resistance. 

Figure  8  and  Table  IV  show  the  data  for  TiOj  films  but 
now  deposited  on  substrates  such  as  sapphire  and  fused  sili¬ 
ca,  which  have  considerably  lower  thermal  conductivity 
than  silicon.  As  discussed  previously  and  as  shown  explicitly 
in  Eq.  (11),  when  the  measured  value  is  close  to  the 
substrate  conductivity  ksf  the  resolution  of  the  measure¬ 
ment  deteriorates  considerably.  This  is  shown  when  we  com¬ 
pare  Fig.  7  with  Fig.  8,  where  the  error  bars  are  now  so 
significant  that  the  data  cannot  be  fitted  by  a  straight  line.  It 
is  thus  shown  that  silicon  is  a  much  better  substrate  than 
sapphire  or  fused  silica  for  measuring  the  thermal  conduc¬ 
tivity  of  dielectric  thin  films. 

The  measurements  for  other  oxide  films  deposited  on 
sapphire  (and  using  a  load  of  S  g)  are  shown  in  Table  V  and 
in  Figs.  9(a)-9(d)  for  thicknesses  <0.5  ftm.  For  several 
film  materials,  the  thickest  films  gave  values  for  k^  which 
were  close  to,  if  not  exceeding  as  in  the  case  of  HfOj,  the 
thermal  conductivity  of  the  substrate.  In  such  cases,  the 
measurement  was  discarded,  viz.  Figs.  9(a)-9(c),  since  the 
experimental  noise  in  the  apparatus  significantly  affects  the 
measured  k^  when  the  latter  is  close  to  the  substrate  con¬ 
ductivity  ks-  Consequently,  only  two  pmnts  (ctMTeqxmding 
to  the  lower  thicknesses)  were  used  in  the  determination  of 
the  film  thermal  ccmductivity  and  of  the  interfacial  thermal 
resistance.  It  is  interesting  to  note  that  some  materials,  viz. 
Figs.  9(a)  and  9(c)  gave  negative  value  of  the  interfiKial 
thermal  remstance.  Such  native  values  were  discarded  by 
observing  that  it  is  possible  that  t/k^  vs  t  may  have  a  sig- 
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FIG.  9.  Variations  of  Icht  and  f vs  r  for:  (a)  HfO^/AljO,;  (b)  Sc^O,/ 
AljO,;  (c)  ZfOj/AIjO,;  (d)  ThOj/AIjO,;  and  (e)  AljOj/Si. 
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FIG.  1 1.  Variation  of  and  l/k^  vs  t  for  Cryolite/Ai]0]. 


moidal  shape  so  that  the  slope  of  t/k,g  vs  t  at  small  thick¬ 
nesses  is  snialler  than  the  slope  at  larger  thicknesses,  where 
fitting  to  a  straight  line  is  actually  done.  If  the  middle  part  of 
such  a  sigmoidal  curve  is  used  to  extrapolate  to  f  =  0,  it  will 
lead  to  a  negative  intercept.  Figure9(e)  shows  the  results  for 
AljO]  films  deposited  on  silicon.  These  AljO,  films  were  in 
the  range  of  O.S-4 ^m. 

The  data  for  fluoride  films  deposited  on  sapphire  are 
shown  in  Table  VI  and  in  Figs.  I0(a)-10(0.  Again,  in  some 
materials,  the  thickest  film  data  had  to  be  discarded  since 
they  gave  readings  which  were  too  close  to  the  substrate 


thermal  conductivity.  It  must  be  noted  that  in  some  cases  the 
data  corresponding  to  the  thinnest  film  had  to  be  discarded. 
This  is  shown  in  Fig.  10(b),  where  a  film  of0.2/rm  thickness 
gave  too  large  a  value  for  t/k^.  This  observation  is  ex¬ 
plained  by  noting  that  fluorides  are  ccmsiderably  softer  than 
oxides,  and  even  a  load  of  S  g  can  produce  a  large  amount  of 
localized  elastic  thinning  which  can  be  as  large  as  0.2-0.3 
fim.  Furthermore,  due  to  the  material’s  softness,  it  is  possi¬ 
ble  that  the  application  of  the  load  by  the  probe  tip  le^  to 
decohesion  along  the  film/substrate  interface.  Such  a  deco¬ 
hesion  leads  to  considerably  lower  values  of  the  film/inter- 
face  conductivity  k^,  thus  producing  an  abnormally  large 
value  for  t  /k^ .  Figure  10(g)  shows  the  data  for  MgF2  films 
deposited  on  silicon.  These  films  were  in  the  range  of  0.5-4 
/im.  None  of  the  problems  with  the  fluoride  films,  mentioned 
above,  were  encoimtered  in  this  case.  Most  fluoride  films  had 
a  film  conductivity  in  the  range  of  0-0.3  W/m  K,  with  the 
exception  of  YFj,  which  had  a  conductivity  of  0.75  W/m  K 
(although  the  error  bars  in  the  YF3  data  are  large  enough 
that  a  line  of  larger  slope  can  also  be  fitted  through  the  data). 

Data  for  a  zinc-sulfide  film  and  for  a  cryolite  film  are 
reported  in  Table  VII  and  plotted  for  the  latter  in  Fig.  11. 

The  values  for  the  thermal  conductivity  of  the  film  ma¬ 
terials  discussed  above  are  summarized  in  Table  VIII.  As  a 
genera]  conclusion,  the  film  material  conductivity  is  <  1.1 
W/m  K,  and  the  interfacial  thermal  resistance  due  to  the 
probe  tip/film  and  film/substrate  interface  is  typically  <  2- 
3  mm^K/W.  These  values  lead  to  the  conclusion  that  the 
conductivity  of  a  material  in  thin-film  form  is  considerably 
less  than  the  thermal  conductivity  of  the  same  material  in 
bulk  form. 


TABLE  VIII.  Thentul  conductivity  kf  (W/m  K)  snd  themu]  inletficial  resistance  /(,„  (mn/  K/W)  for  various  film  materials  on  several  substrates. 
Values  from  the  work  of  Decker'  and  Risuu’  arc  also  shown. 


Film/substrstc 
( EBE  deposited 
except  as  noted) 

Load 

Present  work 

Risuu’ 

Bulk 

k 

k. 

SiO]/silioon‘ 

10,5 

0.45,0.61 

0.1,1. 1 

0.17  (r  s  1  /<m) 

0.10  ((~  1  ftm) 

1.2 ’‘-10.7“ 

IBS  SiOi/iilicon‘ 

10,5 

0.41,1.05 

00,1.8 

0.28  (fs  0.5 ^m) 

TiO]/silioon* 

5 

0.59 

2.7 

IBS  TiOj/silioon* 

10,5 

0.45,0.48 

0.52,0.54 

0.018  (1=  1/im) 

7.4-10.4" 

HfO)/sappliire* 

5 

0.052 

ScjOy^sapphirc* 

5 

0.053 

ZiOj/sapphire* 

5 

0.04 

ThO^tai^irc* 

5 

0.67 

0.6 

Al]0,/rilioon‘ 

5 

0.72 

1.0 

33  (r  =  1  fan) 

20'-46" 

CcOj/sappliife* 

5 

AlFj/sapphire* 

5 

0.31 

1.4 

HfFysqiplurc* 

5 

0.27 

2.4 

YFy'sapphiiC 

5 

a75 

a97 

S 

0.08 

... 

ScFj/Sapphsic' 

S 

ao9 

... 

TbF^/MfipWnr 

S 

aio 

... 

LaFi/sappMiir 

S 

... 

... 

McFyVIseaa* 

3.5 

ass 

oo 

ZaS/kappMnr 

5 

... 

... 

CnwIite^pWtt* 

5 

ais 

0.6 

'SMiphi  A«ai  A.  Sicwaid.  AFWL 
*taai»tsi  fill  T.Afca,  004,  lac. 
‘SMapka  Itaa  D.  J.  SaAh.  U£. 
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By  assuming  that  the  surface  morphology  of  the  film 
essentially  replicates  the  surface  morphology  of  the  underly¬ 
ing  substrate  (this  assumption  appears  more  reasonable  for 
the  stiff,  harder  films  such  as  oxides,  whereas  its  validity  is 
questionable  for  the  case  of  the  softer  fluoride  films),  and 
since  any  interfacial  thermal  resistance  between  the  probe 
tip  and  the  surface  of  the  bulk  standards  used  in  establishing 
the  calibration  curves,  viz.  Fig.  2,  is  thus  seen  to  be  the  same 
as  the  resistance  between  the  probe  tip  and  the  film  surface, 
we  are  led  to  the  conclusion  that  any  interfacial  thermal  re¬ 
sistance  extracted  from  the  intercept  with  the  ordinate  axis 
in  the  plots  of  t  /k^  vs  t  must  thus  be  attributed  to  the  inter¬ 
face  between  the  film  and  the  supporting  substrate.  The  reso¬ 
lution  of  our  experimental  measurement  and  the  fact  that  for 
small  thicknesses  t  /k^  may  not  be  linearly  related  to  the 
thickness  t  (our  measurements  at  discrete  thicknesses  can¬ 
not  reveal  this  dependence,  especially  at  small  t)  does  not 
presently  allow  a  precise  determination  of  the  value  of  or 
a  correlation  of  this  thermal  resistance  with  other  variables 
such  as  film  deposition  method  or  film  microstructure. 

Experiments  were  also  carried  out  in  helium  gas  which 
has  a  much  greater  thermal  conductivity  (0.15  W/mK) 
than  air.  The  large  value  of  k  for  He  implies  that  the  heat 
flow  radius  for  the  experiments  in  He  is  greater  than  the  heat 
flow  radius  for  the  air  measurements.  Since  the  extracted 
values  of  k^  are  of  the  same  order  of  magnitude  as  the  ther¬ 
mal  conductivity  of  He,  the  value  of  the  heat  flow  radius  in 
He  is  very  close  to  the  actual  size  of  the  probe  tip.  Using  a 
value  of 300 /im  for  th^  at  flow  radius  in  He,  and  the  value 
of  100 /im  for  the  heat ::  .v  radius  in  air,  the  plots  of  /  /k^  vs 
t  for  the  He  and  air  data  had  thermal  resistance  within  1-2 
mm^  K/W  of  each  other.  It  is  concluded  that  any  thermal 
resistance  between  the  probe  tip  and  the  film  surface  is  prob¬ 
ably  due  to  solid-solid  contacts,  rather  than  solid-fluid  (He 
or  air)  contacts.  This  conclusion  is  in  agreement  with  pre¬ 
viously  published  experimental  and  analytical  work.^' 

If  the  thermal  resistance  extracted  is  due  to  the  film/ 
substrate  interface,  as  argued  above,  it  becomes  clear  that  in 
addition  to  the  film  conductivity  kf,  the  value  of  the  film/ 
interface  thermal  conductivity  k,„  (which  includes  the  in¬ 
terfacial  thermal  resistance  )  is  also  of  interest,  especial¬ 
ly  for  applications  where  the  film/substrate  interface  is  im¬ 
portant  as  in  studies  of  thin-film  laser  damage.  It  is  noted 
that  the  film/interface  thermal  conductivity  does  depend  on 
the  film  thickness,  whereas  the  dependence  of  the  film  con¬ 
ductivity  kf  on  the  thickness  (over  the  range  of  thicknesses 
studied  in  this  report)  is  much  weaker.  The  temperature 
drop  across  the  film/substrate  interface,  which  is  directly 
related  to  the  interfacial  thermal  resistance  ,  is  an  impor¬ 
tant  quantity.  Large  values  of  the  interfacial  thermal  resis¬ 
tance  imply  that  the  temperature  is  essentially  discontinuous 
across  the  interface,  and  that  the  amount  of  the  temperature 
discontinuity  depends  on  the  heat  flux  across  the  interface. 

The  inhomogeneous  structure  of  the  film/substrate  in¬ 
terface  (t^ich  contains  voids,  cracks,  and  other  inhomo¬ 
geneities)  is  expected  to  be  directly  related  to  the  magnitude 
of  the  interfacia]  thermal  resistance.  Such  inhomogmeities 
create  a  barrier  to  heat  flow,  and  thus  lead  to  the  interfacial 
thermal  resistance.  This  explanaticm  seems  particularly  val- 
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id  for  evaporated  films  which  are  known  to  have  a  high  level 
of  internal  tensile  stress  and  a  propensity  for  crazing.^^-^^ 
The  same  observation  may  be  made  for  thin  films  prepared 
by  ion  beam  sputtering."  Other  measurements  of  the  inter¬ 
facial  thermal  resistance  in  terms  of  phonon  scattering  at  the 
film/substrate  interface  have  been  provided  by  Swartz  and 
PohF"  who  measured  the  thermal  resistance  at  the  interface 
between  Rh:Fe  films  deposited  on  sapphire. 

Although  the  discussion  and  present  analysis  has  fo¬ 
cused  on  dielectric  thin  films,  similar  measurements  have 
been  made  for  metallic  thin  films.  A  comprehensive  review 
of  such  measurements  of  the  thermal  conductivity  of  thin 
films  is  provided  by  Guenther  and  Mclver.*  As  typical  ex¬ 
amples  we  mention  the  work  of  Nath  and  Chopra"  on  thin 
films  of  copper,  who  found  that  for  films  thinner  than  about 
1  ftm  the  bulk  conductivity  values  were  not  appropriate,  the 
work  of  Boikov  who  studied  the  thermal  conductiv¬ 

ity  of  silver  and  aluminum  films,  and  the  work  of  Ogden  et 
al.^  on  anodic  oxide  coatings  of  aluminum,  although  the 
thicknesses  used  in  latter  work  were  in  the  1 5-1 10/rm  range. 
The  common  conclusion  is  that  thin  films  exhibit  a  consider¬ 
ably  lower  thermal  conductivity  than  bulk  materials,  and 
that  a  significant  interfacial  thermal  resistance  develops 
across  the  interface  of  thin  films  bonded  to  substrates. 

The  limitations  imposed  by  the  experimental  technique, 
as  described  above,  must  be  borne  in  mind  when  interpreting 
the  measurements  of  k^^  versus  thickness.  The  effect  of  the 
substrate  conductivity,  the  effect  of  the  finite  size  of  the  sam¬ 
ple  used,  the  effect  of  small  film  thickness  (especially  for  the 
softer  films),  and  the  effect  of  the  precise  value  of  the  heat 
flow  radius  are  all  important  considerations  whose  contribu¬ 
tions  were  discussed  previously. 

Our  data  analysis  involves  knowledge  of  the  heat  flow 
radius  a  in  order  to  extract  the  effective  film/interface  con¬ 
ductivity  k^  from  the  measured  value  of  k^^ .  Although  an 
upper  and  a  lower  bound  were  established  for  the  heat  flow 
radius,  the  uncertainty  in  a  leads  to  an  uncertainty  of  about 
80%  in  the  extracted  values  of  k^,  kp,  and  R,„,.  Further¬ 
more,  the  variation  of  these  quantities  with  the  heat  flow 
radius  was  established  in  Eqs.  (12a),  (18a),  and  ( 19a),  re¬ 
spectively.  In  addition  to  this  error,  the  analytical  expression 
from  Dryden’s  work'*  for  the  thermal  resistance  used  a  heat 
influx  profile  which  may  contain  an  error  of  10%-20% 
when  compared  to  other  profiles,  as  shown  above.  Thus,  the 
combined  uncertainty  in  our  measurements  has  allowed  the 
calculation  of  the  thin-film  conductivity  to  within  a  factor  of 
2.  Even  so,  the  conclusion  of  our  measurements  stands, 
namely  that  thin  films  are  characterized  by  a  thermal  con¬ 
ductivity  considerably  lower  than  that  of  bulk  samples. 

The  uncertainty  in  the  value  of  the  heat  flow  radius  a  can 
be  eliminated  to  some  extent  by  using  a  self-aligning  probe 
tip  of,  say,  a  flat  profile  so  that  the  heat  flow  radius  is  well 
aproximated  by  the  width  of  the  prcflre  tip.  The  design  of 
such  a  probe  tip  is  currently  under  way  at  the  Laboratory  for 
Laser  Energetics. 

It  is  clear  that  several  questions  cannot  be  definitely  an¬ 
swered  from  our  present  work  due  to  the  error  margins  in 
our  data,  and  due  to  the  lack  of  data  oii  the  continuous  vari¬ 
ation  of  the  effective  film  conductivity  with  film  thickness, 
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especially  at  small  values  of  the  film  thickness.  Such  data  are 
expected  to  provide  quantitative  information  about  the  ef¬ 
fect  of  the  inhomogeneous  structure  of  the  film/substrate 
interface  and  of  the  film  microstructure  on  the  phenomeno¬ 
logical  aspects  of  the  film  thermal  behavior  (thermal  con¬ 
ductivity,  interface  thermal  resistance).  Thus,  the  next  step 
would  involve  the  measurement  of  k.pp  versus  thickness  for 
a  much  larger  number  of  thicknesses  in  the  range  of  0.2-4 
fim. 

VI.  CONCLUSIONS 

The  thermal  conductivity  of  thin  dielectric  films  of  opti¬ 
cal  materials  used  in  high-power  laser  applications  has  been 
measured  by  using  the  thermal  comparator  technique.  This 
technique  allows  the  extraction  of  the  thermal  conductivity 
of  the  film  material  and  of  the  film/substrate  interfacial  ther¬ 
mal  resistance  in  a  rapid,  inexpensive,  and  nondestructive 
manner.  The  largest  error  in  the  date  reduction  is  due  to  the 
uncertainty  in  the  value  of  the  heat  flow  radius.  Estimating 
upper  and  lower  bounds  for  the  heat  flow  radius  allowed  the 
calculation  of  the  film  conductivity  within  a  factor  of  2.  Our 
results  can  be  easily  scaled  to  accommodate  other  values  of 
the  heat  flow  radius. 

It  was  found  that  the  thermal  conductivity  of  oxide  and 
fluoride  films  is  as  much  as  two  orders  of  magnitude  lower 
than  the  thermal  conductivity  of  the  corresponding  bulk  sol¬ 
ids,  implying  that  bulk  values  are  inappropriate  in  the  design 
of  thin  optical  films.  The  thin  film  thermal  conductivity  was 
found  to  be  not  very  sensitive  to  the  method  of  film  prepara¬ 
tion.  The  thermal  conductivity  of  the  silica  films  exhibited  a 
strong  thickness  dependence  in  the  range  0-4 /:im.  The  other 
films  exhibited  a  weaker  dependence  of  the  conductivity  on 
the  film  thickness.  These  results  are  in  qualitative  agreement 
with  other  measurements  of  the  thermal  conductivity  in  me¬ 
tallic  and  dielectric  films.  Further  work  is  necessary  in  order 
to  correlate  the  film  and  film/substrate  interface  microstruc¬ 
ture  to  the  measured  values  of  thermal  conductivity  and  in¬ 
terfacial  thermal  resistance,  and  to  provide  a  more  precise 
determination  of  the  heat  flow  radius. 
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ABSniACr 

Recent  measurements  of  the  thermal  conductivity  of  thin  films  of  dielectric  materials 
(oxides  and  fluorides)  have  shown  that  the  value  for  thin  films  (with  thickness  in 
the  micron  and  submicron  range)  may  be  as  much  as  two  orden  of  majpitude 
lower  than  the  value  for  the  corresponding  bulk  solid.  We  examine  the  implications 
of  such  low  values  on  the  laser  damge  resistance  of  thin  optical  films  in  view  of  a 
micromechanics  model  consisting  of  an  absorbing  inclusion  embedded  within  a 
non-absorbing  thin  film  which  is  attached  to  a  substrate.  Finite  element  techniques 
are  used  to  calculate  the  temperature  in  the  inclusion,  in  the  film’s  free  surface,  and 
along  the  fllm/substrate  interface. 


i.  INTRODUCTION 

The  resistance  to  laser  damage  in  optical  thin  films  is  an  important  design 
consideration  towards  the  development  of  powerful  solid-state  lasers.  Many 
experimental  data  on  the  critical  energy  ^nsity  per  unit  area  have  been  reported  by 
Walker  et  al.  1*1  for  nine  dielectric  films  as  a  function  of  laser  pulse  length  (5  and  IS 
ns),  wavelength  (1.06, 0.53, 0.35,  and  0.26  um).  and  film  thickness  (1/8  to  2 
wavelengths).  These  data  are  in  the  range  l-4u  Vca?  for  the  oxide  and  fluoride 
films  tested  1*1.  Experimental  results  on  laser  damage  for  1  ns  pulses  have  been 
repented  by  Lowdomilk  and  Milam  1^1  for  surfaces  of  t^tically  polished  glass  and 
thin  optic^  films  in  addition  to  observations  of  laser  damage  in  such  films.  Austin 
et  al.  1^1  have  shown  that  the  film’s  internal  stress  also  influences  the  laser  damage 
resistance  of  the  film;  They  reported  that  the  laser  damage  resistance  inermes  by  a 
factor  of  2-3  when  die  film’s  internal  stress  vanishes,  and  diat  either  tensile  or 
compressive  internal  stress  lead  to  diminished  laser  damage  resistance.  WaUcCT  et  al. 
1^1  have  discussed  the  mechanisms  that  lead  to  laser  damage  in  dielectric  materials 
(avalanche  ioniation,  multiphoton  absorption,  and  impunty-initiated  damage)  and 
have  concluded  that  the  impurity  model  appean  more  likely. 
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According  to  the  impurity  nxxlel,  which  has  been  discussed  by  Hopper  and 
Uhlmann  for  bulk  materials,  an  absorbing  inclusion  within  a  non-absorbing 
infinite  matrix  is  heated  due  to  the  abstnption  of  the  incident  ladiation.  The  high 
temperature  within  the  inclusion  leads  to  failure  when  the  temperature  reaches  some 
cridcal  value  The  model  uses  the  solution  by  Goldenberg  and  Tranter  1^1  who 
considered  the  time-dependent  heat  conduction  due  to  the  absorptitm  of  radiation  Q 
(power  per  unit  volume)  within  the  inclusion  of  radius  R  embedded  within  the  non¬ 
absorbing  infinite  matrix.  Due  to  the  dependence  of  Q  on  the  radius  R  of  the 
inclusion  (which  absorbs  according  to  the  cross  section  R^,  so  that  Q  varies  like 
1/R)  the  laser  damage  resistance  is  minimum  when  the  size  of  the  absenting 
inclusion  is  of  order  0.2  p.m 

Further  analysis  of  the  absorbing  inclusion  within  the  infinite,  non-absorbing 
matrix  has  been  carried  out  by  Lange  et  al.  who  showed  Aat  this  nxidel  leads 

to  an  expression  for  the  laser  damage  resistance  of  the  form 


Eo  =  -^Tc(pckt)>«  (1) 

where  Eg  is  the  value  of  the  critical  ener^  density  per  unit  area,  T^  is  the  critical 
temperature  at  failure  (typically  the  melting  point  of  the  host),  and  p,  c,  k  are  the 
density,  heat  capacity,  and  thernud  conductivity  of  die  host  material  (i.e.  the  matrix) 
and  t  is  the  duration  of  the  laser  pulse.  In  the  work  by  Lange  et  al.  bulk  values 
were  used  for  the  thin  film  therrtial  conductivity. 

Although  the  density  and  heat  capacity  of  thin  films  are  close  to  the  values  for  the 
bulk  materials,  this  is  not  the  case  for  the  thermal  conductivity  of  thin  films. 
Guenther  and  Mclver  i’i  have  recently  discussed  the  measurement  and  the  effect  of 
the  thermal  conductivity  of  thin  films  in  view  of  recent  experittrental  trreasurements 
which  show  that  the  thermal  conductivity  of  thin  films  can  be  considerably  lower 
than  the  thermal  conductivity  of  the  corresponding  bulk  solid.  The  discussion  by 
Guenther  and  Mclver  i’i  is  based  on  e^.  (1)  once  the  host  thermal  conductivity  is 
identified  with  the  value  for  the  film.  Thus,  the  question  is  raised  of  whether  or  not 
eqn.  (1 )  is  applicable  to  thin  films  of  very  low  thermal  conductivi^,  in  view  of  the 
fact  that  eqn.  (1)  has  been  derived  for  an  inclusion  within  an  infinite  matrix,  so  titat 
other  effects  such  as  the  proximity  of  the  inclusion  to  the  free  surface,  tiie  proximity 
to  the  film/substrate  interface,  the  size  of  the  inclusion,  or  the  film  thickness  do  not 
enter  the  model. 

Recent  work  by  Lambropoulos  et  al.  at  the  Laboratoty  for  Laser  Energetics  at 

the  Univenity  of  Rochester  has  used  a  modified  thermal  comparator  method  to 
measure  in-situ  the  thermal  conductivity  of  a  lar^  variety  of  optical  thin  films 
(oxides  and  fluorides)  deposited  on  Si  or  sapphire  substrates.  The  method  is  quick 
and  non-destructive.  It  is  based  on  the  work  of  Powell  1"1,  and  operates  on  the 
principle  that  when  a  heated  tip  ttxiches  a  cooler  solid,  the  temperature  ai  the  tip 
soon  reaches  a  steady  state  value  which  depends  on  the  thermal  conductivity  of  the 
solid  in  contact  with  the  tip.  The  method  also  allows  die  determination  of  the 
interfacial  thermal  resistance  Ri„,,  defined  as  the  temperature  drop  per  unit  power 
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flux  across  the  film/substrate  interface.  Typical  values  for  the  thenna]  conductivity 
kp  of  submicron  thin  films  are  in  the  range  0.04  to  1  W/m/K  for  oxide  films,  and  in 
the  range  0.08  to  0.75  W/m/K  for  fluoride  films.  Some  of  these  values  are  two 
orders  of  magnitude  lower  than  the  corresponding  bulk  values  for  the  same 
material.  Typical  values  of  the  interfacial  dermal  resistance  are  in  the  range  0  to  2.7 
K/(W/mm2). 

It  is  the  objective  of  this  report  to  discuss  some  of  the  implications  of  the  low  values 
for  the  film  thermal  conductivi^  on  the  laser  damage  resistance  of  such  films,  and 
in  particular  to  discuss  the  applicability  of  the  scaling  expressed  in  eqn.  (1)  for 
Al^substrate  assemblies  involving  submicron  thin  mms  of  low  thermal 
conductivity.  We  will  show  that  when  the  film  diermal  conductivity  is  low.  the 
model  of  Goldenberg  and  Tranter  which  treats  the  host  as  infinite  does  not 
properly  account  for  the  low  film  thermal  conductivity  and  for  the  proximity  of  the 
inclusion  to  the  substrate.  Thus,  the  predictions  of  such  a  model,  encapsulated  in 
the  failure  criterion  of  eqn.  (1),  must  be  viewed  with  caution,  especially  in 
comparing  such  predicdons  to  experimental  data. 


2.  MODEL  OF  ABSORBING  INCLUSION  EMBEDDED  WITHIN  FILM 

Consider  a  spherical  inclusion  of  radius  R  embedded  within  a  film  of  thickness  H, 
such  that  the  center  of  the  inclusion  is  at  adistance  D  below  the  fine  surface  of  the 
film  which  is  assumed  to  be  insulated.  The  film  is  supported  on  a  semi-infinite 
substrate  as  shown  in  Fig.  1.  The  subscripts  “F’,  “I”,  and  “S”  identify  the  film, 
inclusion,  and  substrate,  respectively.  At  time  ^0  the  inclusion  absorbs  power  at 
the  rate  Q  per  unit  volume,  whereas  the  film  and  substrate  do  not  absorb  any 
incident  radiation.  The  temperature  and  the  heat  flux  are  assumed  to  be  continuous 
at  all  interfaces  and  to  decay  to  zero  sufficiently  far  from  the  inclusion. 

For  the  case  of  the  inclusion  embedded  within  an  infinite  matrix,  Goldenberg  and 
Tranter  [6]  have  shown  that  the  temperature  distribution  has  a  sigmoidal  time 
dependence,  being  low  at  small  times  and  achieving  its  inaximum  value  at  steady 
state  (t  -^ob).  The  steady  state  solution  is  given  by  (here  we  identify  the  matrix  or 
host  material  with  the  film  material) 


r<R 


(2) 


where  r  is  the  spherical  radial  coordinate  measuring  from  the  center  of  the  absorbing 
^here.  It  is  clear  that  such  a  model  cannot  account  for  the  proximity  of  the 
inclusion  to  a  free  surface  or  to  a  film/substrate  interface,  nor  can  it  account  for  a 
film/substrate  geometry  where  the  inclusion  is  within  an  insulating  film  which  is 
deposited  on  a  conducting  substrate. 
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To  account  for  these  effects,  we  assumed  R^H/S  (since  inclusions  of  0.2  micron 
size  ^ve  the  least  damage  resistance  and  typical  film  thickness  is  1  nucron),  and  we 
used  finite  elements  to  solve  the  time-(tependent  heat  conduction  equations 

k,Vn-,  +  Q«{pc),^  .  r<R 

kFV2TF*(pc)F^  .  r>R..(H-D)<z<D  (3) 

ksVJTs*(pc)s^  .  z<-(H-D) 

where  z  is  the  axial  coodinate  in  a  cylindrical  system  with  origin  in  the  center  of  the 
inclusion,  and  is  the  axisymmetric  Limlacian  t^ipator  in  the  cylindrical 
coordinates  n  and  z.  Note  that  -fz^.  The  initial  condition  for  the  tenqierature 
is  T(r|,  z,  ta:())=0.  As  boundary  conditions  we  assume  that  the  film’s  fiee  sinface  at 
z=D  is  insulated,  and  that  the  temperature  and  heat  flux  is  continuous  at  the  surface 
of  the  inclusion  and  at  the  film/substrate  interface.  For  the  finite  element  solution  we 
also  assumed  that  the  ratio  of  the  thermal  diffusivities  dslc/(pc)  is  equal  to  the  ratio 
of  the  thermal  conductivities. 


Figure  1 .  The  geometry  of  a  film  of  thickness  H  containing  an  absorbing  sjAerical 
inclusion  of  ra^us  R.  A  cylindrical  coordinate  system  has  oripn  in  the  center  of  the 
inclusion.  The  film’s  free  surface  is  located  at  z«D  (assumed  insulated).  The 
filnVsubstrate  interface  is  located  at  zs-(H-D). 
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The  numerical  solution  showed  that  the  tin»  dependence  of  the  temperature 
distribution  still  has  the  characteristic  sigmoidal  shape  and  that  the  steady  state  gives 
the  largest  temperature  values.  Figure  2  shows  the  variation  of  the  steady  state 
temperature  (measured  in  units  of  QR2/2kc)  at  the  center  of  the  inclusion  vs.  Ae 
nondimensional  ratio  of  film  to  substrate  thermal  conductivity  for  several  vsdues  of 
the  ratio  of  inclusion  to  substrate  thermal  conductivity.  The  duhed  lines  show  the 
steady  state  tenmrature  in  the  center  of  the  inclusion  as  determined  by  die  model  of 
Goldenberg  and  Tranter,  eqn.  (2). 

We  observe  that  the  infinite  matrix  results  are  in  good  agreement  with  the  numerical 
results  for  the  inclusion  embedded  within  the  film,  see  Figure  1 ,  when  kjAs  is  of 
order  unity.  This  would  be  the  usual  case  were  the  film  conductivity  the  sarrre  as  the 
ctHTCsponding  bulk  value.  When  kp/ks«l.  the  infinite  matrix  results  overestimate 
the  temperanire  as  determined  fiom  the  more  accurate  numerical  model.  When  the 
inclusion  is  very  conducting,  kj/kp>l,  the  exinessions  of  e^.  (2)  overestimate  the 
temperature  in  he  inclusion.  It  is  thus  seen  that  the  model  of  uoldenberg  and 
Tranteri^l  as  used  by  Lange  et  al.i^*‘l,  on  which  the  scaling  law  of  eqn.  (1)  is 
based,  is  not  accurate  when  the  film  thermal  conductivity  is  low  cmnpared  to  that  of 
the  substrate,  and  that  the  model  of  the  inclusion  in  the  infinite  matrix  does  not 
always  accurately  describe  the  actual  temperature  in  the  inclusicm  even  though  the 
inatrix  is  identified  with  the  film  material. 


Figure  2.  Steady  state 
temperature  in  the  center  of 
the  inclusion  (measur^^  in 
units  of  QR2/2ks)  vs.  the 
ratio  of  film  to  substrate 
thermal  conductivity 
for  several  values  of  the 
inclusion  thermal 
conductivity.  The  dashed 
lines  correspond  to  eqn.  (2) 
by  ColdenbCTg  and  Tranter  1^1 
for  the  absorbing  inclusion 
within  the  infinite  matrix.  The 
solid  lines  are  from  the  finite 
element  solution. 
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Figure  3  shows  die  steady  state  temperature  at  the  center  of  the  film/substrate 
interface  inmmiiately  below  the  inclusion.  The  result  from  the  infinite  matrix  model 
is  shown  as  calculated  via  eqn.  (2)  with  the  identification  rBH-D>R.  When 
con^ared  to  the  numerical  results,  it  is  seen  that  this  model  overestimates  the 
temperature  at  the  center  of  the  interface.  Hie  numerical  result  suggests  that  the 
tenqierature  at  the  interface  is  not  only  low  (as  compared  to  the  inclusion 
temperature),  but  it  is  also  fairly  inde^ndent  of  the  film  thermal  conductivity. 

Thus,  the  experimentally  measured  low  values  for  the  tiiermal  conductivity  of  thin 
films  are  not  expected  to  affect  significantly  the  temperature  alone  the  interface.  In 
this  context,  we  note  the  observation  of  Lowdermilk  and  Milam  1^1  that  no 
correlation  was  found  between  the  damage  threshold  and  coating  adhesion. 


Figures.  Steady  state 
temKrature  in  the  center  of 
the  nlm/substrate  interface 
rj*0,  z=-(H-D)  (measured  in 
units  of  QR^/2ks)  vs.  the  ratio 
of  film  to  substrate  thermal 
conductivity  for  several 
locations  of  the  inclusion 
below  the  film’s  free  surface. 
The  inclusion  thermal 
conductivity  varies  from 
kj/kssO.Ol  to  10.  The  dashed 
lines  correspond  to  eqn.  (2) 
by  Coldenb^g  and  Tranter  1*1 
for  the  absorbing  inclusion 
within  the  infinite  matrix.  The 
solid  lines  are  firom  the  finite 
element  solution. 


On  the  other  hand.  Figure  4  shows  that  the  steady  sute  temperature  in  the  center  of 
the  film’s  free  surface  depends  considerably  on  the  film  thomal  conductivity,  and 
that  it  may  increase  by  two  orders  of  magnitude  when  the  film  thermal  conductivity 
is  reduced  by  the  same  amount.  The  proximity  of  the  inclusion  to  the  free  surface 
also  plays  a  crucial  role  in  view  of  the  insuiat^  bound^  at  z^D.  The  temperature 
can  increase  by  an  order  of  magnitude  when  the  inclusion  is  moved  from  D«3H/4 
to  H/4.  Comparison  of  Figure  2  to  Figure  4  shows  that  another  implication  of  low 
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film  ttwimal  conductivity  is  that  the  temperature  in  the  &ee  surface  becomes 
comparable  to  the  temperature  in  the  center  of  the  inclusion  when  kF«ks.  This  is 
not  the  case  when  the  film  conductivity  is  coiriparable  to  that  of  the  substrate.  Thus, 
the  present  numerical  model  suggests  that  the  nlm’s  free  surface  is  another  location 
where  excessive  temperatures  may  lead  to  laser  damage,  espedally  when  the 
inclusion  is  situated  near  the  free  surface.  We  also  note  that  the  free  surface 
temperature  from  the  infinite  matrix  model,  see  eqn.  (2),  shows  approxinutely  the 
same  dependence  on  kpas  the  nnse  accurate  numeric^  solution. 


Figure  4.  Steady  state 
temperature  in  the  center  of 
the  film’s  free  surface  at 
TjsO,  z^D  (measured  in 
units  of  QR^/21Cs)  vs.  the  ratio 
of  film  to  substrate  thermal 
conductivity  for  several 
locations  of  the  inclusion 
below  the  film's  free  surface. 
The  inclusion  thermal 
conductivity  varies  from 
k)^S>0.01  to  10.  The  dashed 
lines  conespond  to  eqn.  (2) 
by  GoldenbCTg  and  Tranter  1^1 
for  the  absorbing  inclusion 
within  the  infinite  matrix.  The 
solid  lines  are  from  the  finite 
element  solution. 


3.  CONCLUSIONS 

The  very  low  values  for  the  thermal  conductivity  of  dielectric  thin  films  irtqrly  that 
the  pre^ctions  of  the  model  of  an  absorbing  inclusion  embedded  within  a  non- 
abs^ing  infinite  matrix,  and  specifically  eqn.  (1)  for  the  scaling  of  the  critical 
energy  density  at  damage  with  the  film’s  conductivity,  may  not  be  accurate. 
Nevertheless,  such  a  scaling  esublishes  the  impoiiance  of  the  film  thermal 
conductivity  in  determining  the  laser  damage  resistance.  Eqn.  (2)  or  Figures  2-4 
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show  thattfariRoitperature  in  the  inclusion  is  very  high  when  the  film  material  has  a 
low  thermal  oontiuictivity  compared  to  the  substrate.  When  die  thermal  conductivity 
of  the  film  isxDomparable  to  that  of  the  substrate,  then  the  model  leading  to  eqn.  (1) 
is  accurate.  feadSdition  to  the  inclusion,  the  present  work  also  identifies  the 
irr^KirtanceofiiBis  free  film  surface  as  a  [msible  site  for  damage  when  the  film 
conductivity  ialaow,  and  when  the  inclusion  is  located  near  the  free  surface  of  the 
film. 

The  monmemast  model  presented  in  this  repm  accounts  for  the  thickness  of  the 
ftlm,  for  theiaotiiimity  of  the  absorbing  inclusion  to  the  free  surface  and  to  the 
fUn^substraseiaticsrface,  as  well  as  for  the  different  thermal  conductivities  of  the 
film,  inclusiOB^aand  substrate  materials.  The  results  presented  refer  to  steady  state 
temperatures  witiuch  are  known  to  be  die  largest  In  that  sense,  the  discrepancy 
(Uscussed  aboseltetween  the  model  of  the  inclusion  within  die  infinite  matrix  and 
the  more  iu.naaag.  numerical  model  accounting  for  the  imsence  of  the  film  is  largest 
under  steady  flatre  conditions.  Since  laser  dan^e  is  a  time  dependent  phenomenon, 
it  is  clear  tirndK'  variation  of  the  temperature  with  time  must  be  explicidy  accounted 
in  addition  tothas  film  thickness,  inclusion  size,  and  low  film  diera^  conductivity 
in  a  manner  anaifflgous  to  the  work  of  Lange  et  al. 
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ABSTRACT 

We  review  the  thermal  comparator  method  a* '  .p  jes  to  the 
oeasisement  of  the  thermal  conductivity  of  thin  ftlsu  w  ;th  thickness 
in  the  sub-micron  range.  The  technique  measur  s  t*  -  apparent 
diennal  oonducdviiy  of  a  film^ntetface/substraie  composite  by 
recording  the  temperature  drop  when  a  her  «d  dp  cotnes  into  contact 
with  the  film's  fiw  surface,  and  by  comparing  to  a  set  of  bulk 
standards  of  known  c*)nducd  vity .  The  main  result  bu  been  that  the 
ibermal  conductivity  of  thin  films  for  a  large  variety  of  materials 
(oxides,  fluorides,  nitrides,  amotphous  metals,  and  superconductors 
with  thickness  of  0.2- 1 .0  pm)  may  be  as  much  as  two  orders  of 
magnitude  lower  than  that  of  the  corresponding  bulk  solid,  and  that  a 
significant  imetfacial  thermal  resistance  may  develop.  To  explain  the 
reduced  film  thermal  conductivity,  we  have  conside^ 
micTosBuctural  effects  that  may  be  modelled  with  continuum 
assumptions  (porosity  and  columnar  film  microstructure)  and  phonon 
scattering.  For  the  case  of  AIN,  we  consider  the  effect  of  phontm 
scattering  due  to  the  interaction  with  the  phonon  mean  fiee  path  with 
the  film  thickness  and  with  impuritiet.  We  also  discuss  the 
implications  of  reduced  film  thermal  conductivity  for  the  laser 
damage  resistance  of  thin  dielectric  films  via  the  model  of  the 
absorbing  inhomogeneity.  The  main  conclusion  it  that  bulk  thermal 
conductivity  datt  are  not  applicable  to  designs  utinf  thin  films,  and 
that  a  daiatese  is  requited  for  tlan  film  thermal  conductivity 
measurementa 


INTRODUCTION 

Many  elecaonic,  optical  and  opioelecBonic  devices  have 
layered  mjcrcaBucMea  Examples  are  laser  diodet.nisisiors  and 
integweddrcniit.  and  mulifl^dielecBicdtin  film  laser  minora 
Dutii^  me  in  an  clecvonie  or  optical  sysiem.  heat  generated  wUtin 
these  layered  toucMct  must  be  rapidly  removed  so  prevem  ekmem 
failure.  This  problem  hat  became  much  more  eeveie  lecendy,  dm  so 
(1)  the  increase  in  speed  of  decooitic  devices  (which  implies  in  molt 
cases  a  reach  higher  power  dissipaiion.  Le,.  om  beat  being 


generated  and  the  need  to  remove  it),  and  (2)  the  emergence  of  high- 
power,  shon-pulse  lasers. 

The  removal  of  heat  from  bulk  components  like  power 
transistors,  integrated  circuits,  or  solid  metal  later  mirrois  is 
straightforwanL  For  the  farmer,  0.3-mm  thick  silicone  pads 
containing  highly  conductive  ceramic  fillers  like  boron  nitride, 
magnesium  oxide,  or  aluminum  oxide,  serve  as  beat  transfer  agents 
to  heat  sinks.  The  conductivities  of  these  pads  are  on  the  order  of  3 
WAn-K,  which  is  within  a  factor  of  three  of  ceramic  alumina.  For  the 
latter,  subsurface  channels  allow  coolant  under  high  pressure  to 
remove  beat  fiom  the  metal  iniiTor  surface.  The  conductivities  of 
water  and  copper  are  O.S  WAo-K  and  SOD  W/m-K,  respectively.  Heal 
removal  fiom  thin,  dielectric  multilayert  is  another  matter  entirely. 

In  1984,  Decker  et  al.(1986)  reported  the  measurement  of 
thermal  conductivity  of  fiee-standing  thin  films  of  Si02  and  Al20^. 
Values  were  found  ID  be  one  or  two  orders  of  magnitude  lower  than 
those  for  the  corresponding  bulk  materials  (see  Table  1).  The  authors 
attributed  this  difference  to  the  unique  micrasttuctiire  of  dielectric  thin 
films,  which  prevents  them  fiom  et^biting  bulk-like  properties. 
When  dtyoaiiedwidi  physical  d^osition  methods  like  qmttering  or 
evapantion,  these  films  are  best  described  as  somewhat 
inhomogeneous,  anisotropic,  and  cither  polyctystallinc  or 
amorphous.  Cblnmnar  growth  is  often  observed.  These  filmi  may 
also  contain  voids,  pinboles,  and  nodular  defects,  which  reduce  the 
density  and  integrity  of  the  film.  The  result  it  a  reduced  phonon  mean 
fiee  p^  and  lower  thermal  conductivity.  A  number  of  films  have 
been  examined  to  date,  and  the  trend  it  summariaed  in  Table  1 . 

In  a  recent  review,  Onenther  and  Mclver  (1988)  discuss 
innplicatitins  far  multilayer  dielectric  dtinfthn  laser  ntinois,  which  are 
derived  fiom  the  relation  between  the  areal  energy  densiv  at  damage 
E,  and  die  material  properties  of  the  tUn  film 

El  -  Te  Vp  c  k  ^  (1) 
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rrhere  T(  is  the  temperature  level  at  damage  (typically  the  melting 
potei  of  the  film  material),  p  it  the  densiiy.  c  the  heat  ci^ty  per 


nnit  mui,  k  die  tiieniMl  conductivity  of  die  film,  and  tp  the  Ifser 

pulx  length  dtitcauies  damage,  ftdaiioa  (1)  lesults  mta  the  wotk 
of  Goldenberg  and  Tranter  (19S2)  who  analysed  the  time  depen^nt 
iiMt  tnnsfer  due  to  a  tpbeii^  abaoihing  inclusion  embedded  within 

an  infinite  nonabsorbmg  matrix.  Although  the  heat  capacity  and 
density  of  optical  thin  films  are  close  ID  the  piopenies  of  te  bulk 

solids  (Decker  etaL,  1986),  this  is  not  the  case  for  the  thensal 
conductivity  which,  being  considerably  lower  for  thin  films,  leads  to 
lower  values  of  the  damage  threshold  energy  densities.  Thus,  models 
that  account  for  thermal  transport  in  thin  film  structures  may  have  no 
predictive  value  if  they  employ  bulk  thermal  conducdvity  data.  For 
example,  lack  of  film  conductivity  data  tn^toses  serious  limitanons 
on  heat  dissipation  models  in  optical  elements  and  arrays  (Halley  and 
Midwinter,  1987). 

Cutrent  optical  recording  cchnologies  involve  laser  marking 
of  thin  organic  or  metal  films,  laser-heating  induced  local  phase 
changes,  and  thermomagnetic  recording.  Laser  marking  is  a 
melt/ablate  process,  whereas  thermomagnetic  recording  involves  a 
change  in  the  direction  of  magnetizatian  in  a  film.  All  involve  die 

absotptioo  of  laser  radiation  to  bring  a  local  area  of  the  film  above 

some  threshold  energy  per  unit  volume,  where  the  *^sftiiing  process’* 
occurs. 

In  this  application  it  is  often  desirable  to  tnaximiTt  die  local 
temperature  induced  by  the  laser,  thereby  accelerating  the  writing 
process.  Much  numerical  modeling  work  is  done  to  understand 
lateral  heat  flow  in  thin  films,  for  this  defines  the  size  of ‘Ttits"  of 
information  recorded  by  the  process.  Edge  definition  is  an  eqiecially 
importam  concern. 

A  survey  of  the  current  literature  it  given  below.  It  reveals  a 
strong  interest  in  the  thermal  conductivity  of  thin  layers,  and  a  glaring 
lack  of  hard  thermal  conductivity  data  for  thin  metal,  polymer,  and 
dklectric  films.  This  survey  does  not  include  all  film  thermal 
conductivity  measurements  lodate:  it  merely  shows  the  necessity  of 
measuring  and  understanding  the  range  of  thin  film  thermal 
conductivity  for  a  large  variety  of  technical  apphcaootis. 

In  their  finite  element  and  analysis  blister  formatioa  and 
thermal  stress,  Evans  and  Nkansah  (1988)  and  Nkansah  and  Evans 
(1990)  used  “assumed”  values  for  the  thermal  conductivities  of  a 
lOO-nm  dye-polymer  layer  (0.2  W/m-K)  and  a  30-nm  tellwium  layer 
(1 J  WArt-K).  were  taken  from  the  literature  for  bulk  solids. 

Anderson  (1990)  estimated  the  total  thermal  conductivity  for 
sputtered  rate-eattb-trantition-inetal  films  (30-100  nm  duck)  frra 
electrical  conductivity  measunemems,  and  from  a  oompatiaan  with 
known  amounts  of  laser  power  required  to  wooed  in  tte  medium. 

The  result..  "Values  estimated  in  thit  way  are  apptqxinaately  one 
order  of  tnagnmide  smaller  than  thoae  of  the  bulk  constituents  of  the 
films". 

Koyanagi  etaL  (1989)  developed-,  "a  new  estimation 
method  for  thennal  conductivity  of  the  dtin-film  recofdinf  media— . 
The  ettimasad  thermal  conductivity  of  the  film  wcotdingineaaeres 
found  to  be  30%  lower  than  thm  of  the  hulk.”  Ho  explanation  wu 
glvemthewpreducibffityoftheieenhwiinotaicuited. 

Btrttolnintuti  (1989)  addressed  both  the  unaytahny  In 
thermal  oonductivity  data  and  the  lack  of  knowledge  r^ardiiig 
resistance  to  hem  flow  M  fihn-aubtiiaie  interfacea.  The  andtor 
conduded  dmt  at  present The  thenaal  piopcniei  of  thia  film 


layers  are,  in  general,  unknown;  but  they  can  be  treated  as  adjustable 
parameter  and  estimaied  from  die  results  of  marking  experiments”. 

In  a  1990 review  of  x-ray  lithography,  Maldonado  (1990) 
stressed  the  importance  of  high  thermal  ctmductivity,  high  hardness, 
and  high  PiBatu  for  die  mask  used  to  absorb  x  rays.  Each  mask 
enrrendy  consists  of  an  absotbiag  pauem  on  a  fiee  standing  S-pm 
thick  bem-doped  siUoon  membrane  film.  This  mask  is  resistant  to 
x-ray  damage,  but  is  otherwise  inferior  to  possible  alternatives  like 
boron  nitride,  nlicon  carbide,  or  diamond.  The  thermal  conductivities 
that  can  be  achieved  in  these  alternative  thin  film  materials  wiU,  in 
put,  determine  their  succeu  in  replacing  B-doped  Si. 

Most  lecfaniqoes  utilized  to  measure  the  thermal  conductivity 
of  thin  solid  films  are  difficult  and  time  consuming.  For  example. 
Decker’s  technique  (1986)  included  the  qiplication  of  thermocouples 
to  free-standing  films.  Ono  et  aL(1986)  developed  a  technique  for 
measuring  the  thermal  conductivity  of  diamond  films,  which 
involved  the  application  of  black  paint  to  the  front  and  tear  surfaces 
of  the  free-sian^g  film  sample. 

Tai  et  aL  ( 1988)  developed  a  complex  silicon  microbtidge 
SBucture  to  evaluate  the  lateral  thermal  conductivity  of  liquid  fhase 
chemical  v^^dqmsition  (LPCVD)  polycrystalline  silicon  films  that 
were  1.3  pm  thick.  They  obtained  a  value  of  32  W/m-K,  a  lower 
number  than  the  bulk  values  ttf -150  W/tn-K,  which  anil  effect  the 

future  design  of  polyctystalline  silicon-bridge  flow  sensors. 

Mtnelli  et  al.  (1988)  grew  polycrystalline  diaitwid  films  widi 
bot-filanmnt  assisied  CVD.  They  etcM  away  the  silicon  substrate, 

mounted  the  free-standing  films  in  a  cryostat,  and  measured  film 
ttifWMifmvturrivinM  at  mum  tenycfanire  dial  were  comparable  to  a 
type  la  natural  diamond  (100  WAd-K).  This  prompted  them  to 
promote  the  broad  industrial  use  of  these  low  cost  films  for  thermal 

management  in  "...  any  applica.  '3n  requiring  good  heat 
conductivity". 

Saenger  (1989)  uaed  an  interfeiomenic  calorimetric  method  to 
measuie  thin  film  diffnsivity  of  5-iim  and  lO-pm  thick  ptdyimide 
polymer  films  t—iHivi  to  optically  transparent  glass  subsnate.  The 
author  constructed  qiedal  surface  and  subsurfree  coatings  to 

properly  deposit,  beat,  and  reflect  a  probe  beam  from  the  sanple 
film.  The  author’s  technique  requited  a  displaoement  to  be  measured, 
which  was  on  the  order  (ri  a  few  angstrom.  Saenger’s  motivation 
wu  the  search  for  inqnoved  nondessuctive  methods  for  studying 

thermal  properties  of  dun  films. 

There  are  odier  complex  optical  qiproadres  (Ristau  and 
Ebert  1986).  When  applied  to  free-standing  films,  such  techniques 
do  not  allow  the  cstimasioo  of  any  inteifocial  diermal  propeniet,  such 
as  the  httetfocial  thermal  resistance,  whidi  are  expected  to  become 
twrwiMtwgtyinpnwam  as  die  fihna  become  thinner. 

Odtill  et  aL  (1989)  and  Swartz  (1987)  have  diacnaaed 
■^imtiinfifinrninatininf  ihrihnmalii  liiiaiifr  nfintrrfarrt  Thrir 
■wBririiy  are  MdiemnBMiEiaelecBieallv  beared  strips 
which  have  been  d^osited  onto  a  subsmte.  Chhill  et  aL  (1989)  have 
observed  dwi  dte  presence  of  a  ddn  amorphon  SiC^  layer  (widi 
dtidmesses  in  the  nnge  7  to  1  IS  nra)  on  various  substrates  great^ 
hKteased  the  boundary  reateance.  They  found  that  in  the  tempentare 
mge  2-SO  K  the  Om  thermal  oonductiviiy  is  considerably  lower  than 
that  of  dte  bulk  amorphous  SiOa- However,  for  greater  temperatures, 
the  conductivity  of  the  film  vpraached  that  of  die  substnie.  The 


effect  of  thin  amorphous  layers  on  the  boundary  resistance  has  been 
discussed  by  Matsumoto  et  al.  (1977)  who  showed  that  the  thermal 
resistances  of  ftlms  in  series  do  not  necessarily  add  due  to  the  fact 
that  phonons  (i.e.  elastic  vibrations)  of  different  frequencies 
contribute  differently  to  the  total  thermal  conductivity  (which  includes 
contributions  fiom  phonons  of  al)  frequencies  lower  than  some  upper 
limit).  These  works  (Cahill  et  al.,  1989;  Swaru.  1987;  Matsumoto  et 
al..  1977)  among  others  (to  be  discussed  in  the  sequel)  have 
convincingly  shown  that  the  basic  reason  for  the  reduced  film 
conductivity  is  the  scattering  of  phtmons  fifom  the  film  boundaries. 
However,  the  precise  dependence  of  the  film  conductivity  on  the  film 
thickness  has  not  been  discussed. 

The  measurement  of  thermal  conductance  for  thin  filnas  has 
been  so  specialized  that  it  has  not  been  possible  to  construct  any 
reliable  database.  Modelling  to  optimize  the  design  cf  multilayer 
structures,  either  by  changing  the  types  of  materials  or  their 
microstructure,  has  not  occurred.  Yet  it  is  reasonably  expected  that 
the  method  of  film  deposition,  the  rate  of  film  growth,  and  the 
substrate  tea^ieratuie  could  all  be  modified  to  improve  thermal 
properties  of  films.  A  lack  of  analytical  insmimenution  has  prevented 
this  work  from  beginning. 

In  this  report  we  briefly  review  the  thermal  comparator 
technique  (Powell,  1969)  as  it  applies  to  the  measurement  of  the 
thermal  conductivity  of  thin  films.  This  technique  is  non-destructive, 
rapid,  and  inexpensive,  and  it  has  been  used  by  Lambropoulos  et  al. 
(1989)  for  the  measurement  of  conductivities  of  thin  dielectric  fiimt 
in  the  micron  and  submicran  range.  Section  1  reviews  and 
summarizes  the  basic  principles  of  the  thermal  comparator.  Some 
more  recent  measurements  on  ceramic,  metallic,  and  superconducting 
thin  films  are  reported.  Section  2  presents  several  models  which  are 
used  to  undentand  the  diminished  thermal  conductivity  of  thin  films. 
These  models  ate  categorized  into  continuum  effects  (such  as 
porosity  and  grain  microstructure)  and  into  phonon  scattering  effects 
(inclusions,  dislocations,  stacking  faults,  grain  boundaries).  Section 
3  shows  the  effect  of  the  reduced  film  thermal  conductivity  for  the 
specific  problem  of  laser  damage  resistance  of  thin  dielectric  films 
used  for  t^tical  applications.  All  these  effects  clearly  show  that  the 
thermal  conductivity  of  thin  films  is  reduced  as  compared  to  that  of 
the  corresponding  bulk  solid,  and  that  the  use  of  bulk  data  is 
inappropriate  when  heat  transfer  in  thin  films  is  cmsidered. 


1.  MEASUREMENT  OF  THE  THERMAL 
CONDUCTIVITY  OF  THIN  FILMS  WITH 
THE  THERMAL  COMPARATOR 

The  thermal  coit^aruor  was  originally  developed  for  the 
measutcmem  of  the  dien^  conductivity  of  bulk  solids.  A 
comprehensive  review  has  been  published  by  Powell  (1969).  The 
application  of  the  thermal  comparator  ID  the  measurement  of  the 
co^uctivity  of  thin  films  has  been  described  in  detail  by 
Lambropoulos  et  a).  (1989).  The  principle  of  operation  is  at  follows: 
Anatte^lyiemtinatinginapretetyiofdiaujeteiapprosimairly 
320  pm)  it  heated  to  about  20  degrees  above  ambieot  The  tip  is 
brought  into  contact  with  a  half-space  which  is  maiiiiained  at  room 
temperature.  The  steady-state  iftop  in  the  tee^ieiatiiie  of  the  tip  with 
respect  to  dial  of  the  rest  of  its  assenhly  is  measurad  by  a 
tfiBinocouple.  The  temperanue  drop  is  dnecdy  related  to  the  timmal 
conductivity  of  the  half-^ace  which  can  be  measured  in  this  maruier. 
The  largest  contribution  to  tile  experimental  error  is  the  heat  flow 
radius  of  die  area  of  contact  bete^  the  tip  and  the  specimen,  which 


is  expected  to  lie  in  the  range  of  30-180  pm.  The  value  used  for  the 
extraction  of  the  thin  film  thermal  conductivities  reported  below  was 
100  pm  (Lambropoulos,  1989). 

Table  2  shows  bulk  and  thin  film  thermal  conductivities  for 
various  systems.  These  measurements  illustrate  the  effects  of 
microsiTUCture  on  thermal  conductivity.  Microsmictural  effects  will 
be  further  discussed  in  the  next  section. 

The  results  on  the  oxides  and  fluorides  are  fiom 
Lambropoulos  et  aL  (1989).  These  films  ate  dielectric  and  used  as 
optical  thin  films.  The  data  for  AIN  ate  fiom  Shaw-Klein  et  al. 
(1991),  and  show  the  large  effect  of  boundary  scattering  and 
inclusions.  This  effect  is  manifest  in  a  markedly  lower  thermal 
conductivity  for  thinner  films. 

The  data  for  the  amorphous  metal  films  show  the  effect  of  the 
columnar  microstructuie.  Since  the  films  are  conductive,  the  thermal 
conductivity  in  die  film  plane  (denoted  by  "ptO  can  be  measured  via 
the  Wiedemann-Franz  law  (Anderson,  1990)  which  states  that  for 
metallic  solids  the  thermal  conductivity  is  proportional  to  the  electrical 
conductivity.  These  data  ate  cmr^ared  with  data  fiom  the  thermal 
comparator,  which  measures  the  thermal  conductivity  normal  to  the 
plane  of  the  film  (denoted  with  "per”).  The  high  degree  of  anisotropy 
resulting  from  the  columnar  microstnicture  is  clear.  The  table  also 
shows  a  superconducting  thin  film. 

These  results  all  show  the  typical  lowering  of  thin  film 
thermal  conductivity  as  compared  to  the  bulk  values.  The  correlation 
between  the  diminished  film  thermal  conductivity  and  the  film 
microstruciure  will  be  discussed  in  the  next  section. 


TABLE  1:  Thermal  conductivity  of  selected  bulk 
materials 


Materials  kfW/m-K) 

Diamond  Q  and  ID  12(X)-2300 

Cu  (polycrysutiline)  2(X>-5(X) 

Si  (single  crystal)  1 50 

AljO^  (single  crystal)  35 

AI2O3  (sintered)  20 

Many  oxides  and  fluorides,  bulk  solids  1 .0  to  10 

Oxide  and  fluoride  films,  nominally  1  pm  thick  0.05  to  1.0 
Air  0025 
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TABLE  2:  Measured  thermal  conductivity  of  various  thin  films 


Film 

material 

Microstructure 

Thickness 

(pm) 

^‘film 
(W/  m-K) 

^bulk 
(W/  m-K) 

Si02 

Amorphous 

0.50-2.0 

0.4- 1.1 

1.2-10.7 

TiO^ 

- 

0.50-2.0 

0.5-0.6 

7.4-10.4 

Zt02 

- 

0.15-0.47 

0.04 

AI2O3 

- 

0.17-0.46 

0.72 

20-46 

MgFj 

- 

0.21-0.58 

0.58 

15-30 

AIN 

Dense, 

<0.15 

0.5 

70-180 

polycrystsliitte 

0.25-1.0 

16 

Tb-Fe  compound 

dense,  ammphous 

0.25-1.0 

5.3  (par) 

30-40 

7.0  (per) 

Tb-Fe  compound 

columnar. 

0.25-1.0 

0.3  (par) 

amorphous 

4.3  (per) 

YBa2Cu207 

crystalline 

0.25-1.0 

0. 1-0.2 

8-10 

Notice  that  (par)  denotes  the  conductivity  parallel  to  dte  film,  and  (per)  perpendicular  to  the  film 


2.  MICROSTRUCTURAL  EFFECTS  IN 
FILM  THERMAL  CONDUCTIVITY 


All  of  the  thermal  resistance  mechanisms  in  bulk  materials  are 
also  present  in  thin  filtns.  In  thin  filnu,  however,  there  are  often  more 
defects  than  ate  typically  seen  in  bulk  solids.  These  defects  lower  the 
thermal  conductivity  below  expected  values. 

The  defects  are  roughly  divided  into  two  categories:  defects 
whose  effects  can  be  treated  using  continuum  modeb  (for  example, 
film  porosity  and  film  columnar  microstructure)  and  those  which 
must  be  treated  using  models  for  phonon  (or  electron)  scattering. 


A.  CONTINUUM  EFFECTS 
Porosity  effects 

The  dentiiy  of  convendonally  deposited  (sputtered  or 
evaporated)  thin  fUms  b  often  lower  than  that  of  bulk  muerials.  An 
example  of  the  familiar  colunonarinicrotmicture  which  often  results 
from  physical  vapor  deposition  (Movchan  and  Demchishin,  1969; 
Thornton  1974, 1977;  Messier,  1986)  u  shown  in  Hg.  1.  Voids 
between  the  columns  account  ftir  mg^  of  the  decreased  density. 
Chemical  vapor  deposited  fihns  (CVD)  are  often  denser,  ahhou^ 
their  dendritic  ^ot^  pettem  can  also  lead  to  lowered  densities. 
Rnally,  sol-gel  filtns,  which  originate  at  liquids  spun  or  dipped  onto 
substrates  and  nibtequemly  dried,  are  even  mote  porous,  and  may 
even  exhibit  open  porosity,  see  Rg.  2.  Metsier(i986)  has  painted 
cm  that  the  tniuotinictural  features  of  thin  films  (voids,  ctriumns)  can 


DO  longer  be  described  as  individual  entities;  instead,  they  must  be 
described  by  distribuiioa  fimctiont.  Fdr  example,  for  low  adatom 
mobility,  a  fractal  model  can  be  used  to  describe  the  natural  cluttering 
occurring  during  the  aggregation  of  amts. 

Many  modeb  eccoum  for  the  effect  of  porosiiy  on  themial 
conductivity.  For  example.  Maxwell  (1904)  tbowed  that  te  a  ddute 

concentration  (volume  fraction  p)  of  a  di^ened  phase  of  inclusions 
of  spherical  shape  and  of  conductivity  kj  embedded  within  a 

continoow  matrix  of  conductivity  k,n>  **“  ^ 

the  cooqwsite  b  given  by 
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If  the  paroiity  in  the  film  is  due  to  spaces  between  columns, 
landomly  disputed  pores  may  not  be  an  accurate  model  Instead, 
we  treat  the  porosity  u  slabs  of  bulk  material  (columns)  separated  by 
slabs  of  air  (porosity).  Using  the  analogy  of  parallel  or  series 
icsiston,  k  normal  to  the  columns  (i.e.  parallel  to  the  film  plane)  is 


kj.  ki  Kn 


(5a) 


sriiereas  parallel  to  the  columns  the  result  is 


ku  .  pki  +  (1-p)k„  (5b) 


FIGURE  2:  Scanning  electron  micrograph  of  a  dtin  asmrphous 

sol-gel  film  of  Si02  exhibiting  open  porosity. 


^  +  2-2p 

Ji.  _  _ 

Jl  +  2  + 


H’-e' 


(2) 


The  predictions  of  eqns  (2)-(5)  are  shown  in  Fig.  3.  Notice  that  eqn 
(2)  is  actually  an  upper  bound  for  the  dependence  of  k/kg,  on  p  for 
spherically  shaped  dispersions,  according  to  Hashin  and  Shtrilonan 
(1962).  The  result  for  ky  exceeds  that  of  eqn  (2)  because  the 
arrangement  of  the  dispoied  inclusions  us^  in  deriving  eqn  (5b)  for 
k||  is  obviously  that  of  slabs  rather  than  that  of  spheres. 

Pores  of  shapes  other  dtan  spherical  have  been  considered  by 
Reynolds  and  Hou^  (1957),  by  Rocha  and  Acrivos  (1972, 1973) 
far  dilute  suspensioos,  by  Redondo  and  Beery  (1986)  and  by  Miloh 
and  Benveniste  (1988)  for  cracked  solids. 


The  effect  of  finite  concentration  for  spherical  dispersed  phase  has 
been  considered  by  Braislford  and  Major  (1964),  and  by  Budiansky 
(1970)  who  used  effective  medium  theory.  According  to  this  theory, 
an  individual  sphere  of  the  dispersed  phase  is  embedded  within  an 
ittfiiute  fnedium  of  the  (as  yet  undetermined)  thermal  conductivity  k. 
The  result  is 


r.-p- ,  1 

2  +  ^  3 

k 


(3) 


The  analysis  of  Budiansky  (1970),  which  is  applicable  to  more  than 
two  phasM,  shows  that  the  matrix  can  be  teen  u  an  inclusion  of 
volume  fractkci  (1-p).  Hashin  and  Shtrikman  (1962)  derived  bounds 
for  the  thermal  conductivity  of  the  composite.  Their  result  it  identical 
to  that  in  eqn  (2).  However,  Hashin  attd  Shtrikman  (1962)  show  that 
the  result  of  eqn  (2)  is  an  upper  bound  for  k  when  kgpkj  (and  a 
lower  bound  for  kQ<ki). 

Schulz  (1981)  has  developed  a  general  expression  for  the 
thermal  conductivity  of  a  solid  containing  inclutiont  ctf  various 
shapes.  The  result  of  Schulz  it  applicable  to  the  case  of  dispeniont  of 
spheres,  or  of  parallel  and  series  atiangements  of  the  phases.  For 
spherical  inclusiont,  die  result  is 


FIGURES:  The  ratio  offilm  to  bulk  thermal  conductivtty  vs.  film 

porosity  p  according  to  various  models.  X  denotes  the  direction 
normal  to  the  coltimns  comprising  the  film  ndcrostnicture  (le. 
pmllel  to  the  fibs  r'‘ane).  H  denotes  the  direciion  parallel  to  the 

Qx.  *rmmi  m  the  film  pluie). 
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Columnar  effects 

Fnxn  the  disciissioa  above,  it  is  clear  that  oohmuiar 
structures,  which  often  result  from  physical  vapor  deposition,  not 
only  lower  the  thermal  oooductivity  ctf  the  film,  but  alM  introduce 
anisotropic  effects. 


Rgure  4  shows  the  dependence  of  on  die  angle  It 

is  seen  diat  for  small  porosity,  the  effect  of  R^j  is  significant,  see 

Fig.  4A.  As  soon  as  the  porosity  takes  a  small  but  non-zero  value, 

die  effect  of  the  inteifacial  resistance  Red  btcomes  small  due  to  die 
foct  that  the  thermal  lesistanoe  due  to  the  porosity  exceeds  that  due  to 

the  CGotacts  between  different  giains. 


Even  if  the  columns  are  touching  and  porosity  effects 
discussed  above  are  ignored,  we  can  expect  a  decrease  in  film  thermal 
conductivity  due  to  the  inieifacial  diermal  resistance  R^j  of  the 
column  contacts.  Treating  the  film  as  a  composite  made  up  of 
columnar  giains,  the  anisotropic  thermal  conduedvity  is  now  given 
by 
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(6) 


Although  it  was  Moitned  in  deriving  eqn  (6)  that  the  columns 

are  perfectly  perpendicular  to  die  inteiface,  diis  may  not  be 
nccMsaiily  so.  Models  of  film  growth  suggest  that  the  grains  have  a 
distiibudon  of  doecdoos,  and  this  is  consistent  with  Messier’s 
observations  (1986). 

Another  way  to  treat  die  effect  of  cohrmnar  structure  on  heat 
flow  is  to  consider  the  scattering  of  heat  carriers  (phonons  or 

elecuons)  from  column  surfaces,  from  interfaces,  or  from  other 
defecu.  These  heat  carriers  are  referred  to  u  quasi-particles  in  the 
brief  explanation  that  follows. 


where  D  is  the  grain  diameter,  ^  is  the  direction  parallel  to  the 

column  (ix.  normal  to  the  film),  and  kj^,  k||  are  given  by  eqn  (5). 
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B.  QUASIPARTICLE  SCATTERING 
EFFECTS 

Some  heat  resistance  sources,  for  exainple  impurity  atoms, 
can  not  be  accurately  modeled  using  a  continuum  approach.  In  such 
cases,  it  is  useful  to  envision  heat  flow  resistance  arising  from  the 
SMiteiing  of  electrons  or  phonons  (Lc.  lattice  vibrations).  The  theory 
of  the  thermal  conductivity  of  solids  from  the  point  of  vie  w  of 
quasipaiticle  scattering  has  been  extensively  discussed  by  Klemens 
(1955;  1958;  1969)  who  has  expanded  on  Reierls'  theory  ttfthenrud 
conductivity  of  bulk  solids,  and  by  Klemens  and  Williams  (1986)  for 
metals. 


Phonons  and  elecnons  can  be  treated  similariy  as  particles  of 

momentum  proportional  to  their  frequency.  In  general,  the  total 
dieimal  conductivity  of  a  system  can  be  expressed  as  (Kingery  et  al.. 


k-k,  +  kp  +  lv  (7) 

where  k^  is  the  thermal  conductivity  due  10  electronic  charge  carrier 

transport  (which  vanishes  for  dielectric  materials),  L,  is  the  thermal 

oondi^viiy  due  to  the  lattice  vibrations  (phonons)luid  kf  the 

thermal  conductivity  due  to  radiation  (negligible  for  most  mairrinH  at 
roomtenqieianire). 

The  quasiparticle  contributions  to  thermal  conduct!  vity  depend 
on  their  specific  beat  per  unii  volume  C,  velocity  V,  and  mean  free 

path  K  as  follows  (Kkmens,  1958) 

“  3  f  c(<o)v(w)X(a)<k»  (8) 


FIGURE  4:  The  ratio  of  film  to  bulk  thenmal  conductivity  vs. 

angle  away  from  the  column  axis.  For  low  levels  of  porosity,  the 
oolumaar  microttiucture  fattroduces  anisotropy .  For  larger  amounts 
of  porosity,  the  anisootipy  is  due  to  the  porosity  itself. 


whm  c(tt)doi  is  the  contribution  to  the  qiecific  heat  per  unit  volume 
0>Jc(»)d»  from  panicles  with  frequencies  in  the  range  tt  to  mvdtt. 
Debye’s  ^ptwrimation  is  often  used  according  to  which  Swoons 
have  ftequeadet  only  in  die  range  fian  0  to  the  Debye  frequency  «)> 
so  that  the  upper  limit  in  eqn  (8)  is  set  to  cot).  Accon^  to  Debye's 
tireoiy  (Reisdand,  1973) 
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where  T  is  the  tbsolute  tempenture,  h  is  Planck’s  constant,  and  is 
Boltzmann’S  constant  The  Debye  fiequency  coq  is  related  to  the 
Debye  tenqienture  Oq  via  e[)iBh(0jy(2xks).  For  phonons,  the  velocity 
V  is  the  same  as  the  speed  of  sound  in  the  solid. 

While  the  specific  heat  of  thin  films  is  generally  unchanged 
from  its  bulk  value,  the  mean  free  path  X  is  governed  by  the 
interacticxi  of  the  particles  with  each  other  and  with  microstiuctund 
imperfections  or  ^fects.  These  changes  are  expressed  in  terms  of 
change  1  the  scattering  event  relaxation  time  t,  which  is  defined  as 
the  tunc  ior  a  perturbation  from  an  equilibrium  value  to  decay 
back  to  the  equilibrium  value  (Klemens,  19S8;  1969).  The  relaxation 
time  T  is  relat^  to  the  mean  free  path  X  by 


T  ■  X/v 


(10) 


temperatures  Cf/8Q«1)  the  intrinsic  phonon  thermal  conductivity 
increases  with  diminishing  temperature  like  T  ^  exp(B/T),  B  being  a 
material  constant,  whereas  at  high  temperanires  (T/6d»1)  it 
decreases  with  temperature  like  1/T. 

Based  on  perturbation  theory,  theoretical  scattering  relaxation 
times  have  been  calculated  for  seve^  types  of  microstructural 
imperfections  (Klemens,  19SS;  1958).  For  boundary  scattering,  the 
relaxation  time  due  to  phonon  scattering  ofr  external  surfaces  (e.g. 
the  film  surface  or  the  film/substnte  interface)  or  internal  surfaces 
(grain  or  boundary  scattering)  is  given  by 

V  -  ^  (14) 

where  d  is  the  dimension  defining  the  boundaries,  i.e.  the  film 
thickness  or  the  grain  size,  raximir  (1938)  showed  that  for  long, 
rectangular  grains  d  is  nearly  equal  to  the  square  cross  section’s  side, 
whereas  for  long,  cylindrical  grains  d  is  the  grain  diameter. 


where  V  is  the  particle  velocity.  When  several  types  of  interactions  are 
at  wcnk,  the  relaxation  rates  rather  than  times  a^  as 


Notice  that,  in  the  presence  of  several  scattering  mechanisms,  eqn 
(11)  shows  that  the  mechanism  with  the  fastest  scattering  tinte  will 
dominate  the  overall  relaxation  time. 

Once  the  total  relaxation  time  is  computed,  the  phonon 
thermal  conductivity  is  found  via  eqns  (8)-(10)  as  (Klemens,  1958; 
1969) 
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(12) 


In  this  way,  if  the  dependence  of  the  relaxation  time  on  die  phonon 
frequency  is  known,  eqn  (12)  provides  the  dependence  of  to  phonon 
conductivity  on  the  absolute  temperature  T  and  on  the  details  of  the 
Kattering  imperfection.  In  the  absence  of  any  tiqietfections,  the  only 
scattering  is  of  phonons  by  other  phonons  due  to  the  anharmonic 
nature  of  die  bonding  between  atoms  (Reissland,  1973).  For 
example,  for  scattering  of  phonons  off  other  phonons  to  that  the  total 
momentum  is  not  conserv^  (termed  Umklapp  or  U-processet),  the 
relaxation  time  is  given  by  (Klemens,  1958;  Parrott  and  Stuckes, 
1975) 


tj’-  Ax*T*«xp(-B/T)  (13) 


As  an  example  of  the  application  of  eqns  (1 1)-(14),  we 
calculate  the  effea  of  film  thickness  on  the  thnmal  conductivity  of 
AIN  at  room  tesrperature  as  compared  to  the  value  of  bulk,  single 
crystal  AIN.  For  the  bulk  solid  k>320  W/m-K,  6q=950  K 
(Dinwiddie  and  Onn,  1990).  For  the  bulk  single  crystal,  the  intrinsic 
thermal  conductivity  is  governed  by  the  relaxation  time  for 
Umklapp  processes  given  ^  eqn  (13).  In  this  case,  the  constants  are 
approximately  A^IO  s*1  K**  and  Bk160  K  (Dinwiddie  and  Onn, 
19%).  On  the  other  hand,  for  a  thin  film  of  AIN,  the  relaxation  time 
has  contributions  from  Umklapp  scanering  and  grain  boundary 
scattering,  eqn  (14),  where  the  length  scale  d  is  identified  with  the 
film  thickness  t  Fig.  5  shows  the  dependence  on  the  film  thickness  t 
of  the  film  thermal  conductivity  relative  to  that  of  the  bulk  single 
crystal.  It  is  immediately  clear  that  for  submicron  thin  films  the 
thermal  conductivity  is  a  strong  function  of  film  thickness,  in 
agreement  with  the  experimental  results  discussed  in  the  previous 
section. 


film  thlekiiMt,  microns 


where  A.  Bare  material  parameters.  B  being  ptoponicwal  to  the 
Debye  temperature  cf  the  solid.  These  constants  are  ofren  treated  as 
empirical  constants,  which  can  be  determined  by  fitting  the 
temperature  dependence  of  the  thermal  conductivity  of  tiie  perfect 
bulk  crystal  to  an  expression  of  the  form  shown  in  eqns  (12)  and 
(13).  For  the  perfect  crystal,  eqns  (12)-(13)  predict  that  at  low 


FIGURES:  Predictions  of  a  model  accounting  for  phonon 

scattering  due  to  the  presence  of  a  tiiin  film  of  AIN.  The  model  gives 
the  variation  of  the  diennal  conductivity  at  room  temperature  of  a  thin 
AIN  film  with  thickness,  kg,  it  the  conductivity  of  bulk  tingle  crystal 
AIN. 


Impurity  itoms  also  ictner  pbonons  stiongly.  The  effect  of 
impurity  atoms  ctmsists  of  three  ctxitributions:  due  to  the  mass 
difference  between  the  iiiq;>urity  and  solvent  atoms,  due  to  the  strain 
created  by  the  size  difference,  and  due  to  the  difference  in  binding 
energy  (^mens,  1955;  Parrott  and  Smckes,  1975).  The  relaxation 
time  is  given  by  an  expression  of  the  form 

(15) 

where  die  parameter  I  incoipontes  the  effects  mentianed  above,  and 
X  is  given  by  eqn  (9).  The  dominant  effbct  in  the  parameter  I  is  due  to 

dre  "<««  difference  between  an  iiiqiurity  atom  and  the  solvent  atom. 

The  isrqnirity  effect  is  considerable;  eiqietinienis  (Dinanddie  and  Onn, 

1 990)  have  shown  that  there  is  a  large  drop  in  the  thermal 
conductivity  of  AIN  to  ”wil  amounts  of  oxygen  im|xmties 

which  replace  nitrogen  in  the  AIN  lattice.  This  effect  is  shown  in  Bg. 
6,  which  was  derived  far  bulk  AIN  on  the  basis  of  eqns  (12)  and 
(15).  In  thin  film  deposition  (sputtering  or  evaporation)  the  io^urity 
concentration  is  controlled  by  impurities  present  in  the  vacuum 
chamber  during  deposition.  Such  impurities  are  often  itrinimired  by 
sufficiently  lowering  the  deposition  backing  pressure  and  by  keeping 
the  chambn  free  of  organic  contaminants.  Careful  control  often 
results  in  thin  fiinw  of  very  high  purity  and  theoretically  high  thermal 
conductivity. 


k/k^uii,  AIN 


Oxygan  Concantrallon,  % 


FIGURE  6;  Predictions  of  a  model  accounting  for  phonon 
tcanering  due  to  impurities.  The  model  pves  the  variation  of  the 
diermal  conductivity  of  AIN  at  room  letnperature  with  the 
concentration  of  impurities  {for  AIN  the  impurity  is  oxygen). 


The  contribution  of  dislocations  and  stacking  faults  to  thermal 
resistance  may  be  low  compared  to  other  defeco  at  room  temperature. 
Still,  they  oftra  appear  in  thin  films,  and  they  may  dominate  the 
relaxation  time  in  the  absence  of  other  defects.  Fw  a  random  stray  of 
screw  dislocatioos  (Klemens,  1955) 

V  -  0.033  Nd  a  (16) 

where  Nd  it  the  dislocation  density,  b  the  Bufm  vector,  and  te 

Ontneisan  constant,  a  material  parameter  whidt  measures  the 
deviadon  of  the  iMdce  bonds  fitn  being  derived  via  a  purely 
hatinonic  potendaL  The  Onmeiaea  constant  is  ly^cally  between  1 
and  2  for  manvsolidtffaemeat  and  Williams,  1986).  It  is  expected 


that  phonon  scattering  fiom  dislocations  will  be  impenant  in  epitaxial 
thin  films  resulting  fiom  mcdecular  beam  epitaxy  or  liquid  phase 
epitaxy.  Such  films  are  often  characterized  by  l^e  densities  of  misfit 
dislocations  when  die  film  thicknen  exceeds  some  critical  value. 
Klemens  (1955)  has  also  calculated  the  relaxation  times  for  arrays  of 
edge  dislocations,  stacking  faults,  and  tilt  grain  boundaries. 


3.  LASER  DAMAGE  OF 
OPTICAL  THIN  FILMS 

The  resistance  to  laser  damage  in  optical  thin  films  is  an 
iB^portant  design  consideration  towards  die  development  of  powerful 
solid-state  lasers.  Many  eiqieiimental  data  on  the  critical  energy 
density  per  unit  area  have  been  jtpontd  by  Walker  et  al.  (1981a)  for 
nine  (Electric  films  as  a  function  of  laser  pulse  length  (5  and  15  ns), 
wavelength  (1.06, 033, 035.  and  036  pm),  and  film  thickness  (1/8 
to  2  wavelengths).  These  data  are  in  the  range  1-40  J/cm^  for  the 
oxide  and  fluoride  films  tested.  Experimental  results  on  laser  damage 
for  1  ns  pulses  have  been  Inerted  by  Lowdeimilk  and  Milam  ( 198 1 ) 
for  surfaces  of  optically  polished  and  thin  optical  films  in 

addition  to  observations  of  laser  damage  in  such  films.  Walker  et  aL 
(1981b)  have  discussed  the  mechanisms  that  lead  to  laser  damage  in 
dielectiic  materials  (avalanche  ionizatkm.  muh^hoton  absorption, 
and  impurity-initiated  damage)  and  have  concluded  that  die  impurity 
model  qipeais  mote  likely. 

According  to  the  impurity  model,  which  has  been  discussed 
by  Hopper  and  Uhlmann  (1970)  for  bulk  materials,  an  absorbing 
inclusion  within  a  non-abutbing  infinite  matrix  is  healed  due  to  the 
absorption  of  the  incident  radiation.  The  high  temperature  within  the 
inclusion  leads  to  failure  when  the  temperature  reaches  tome  critical 
value.  The  model  uses  the  solution  by  Goldenbetg  and  Tranter 
(1952)  who  considered  the  time-dependent  beat  conduction  due  to  the 
absorption  of  radiation  q  (power  per  unit  volume)  within  the 
inclusion  of  radius  R  embedded  within  the  non-absorbing  infinite 
matrix.  Due  to  the  dependence  of  q  on  the  radius  R  of  the  inclusion 
(which  absorbs  acconling  to  the  cross  section  R7,  to  that  q  varies  like 
1/R)  the  later  damage  resistaace  is  minimum  when  the  size  of  die 
absorbing  inclusioa  is  of  order  03  pm  (Lange  et  al.,  1984;  1985). 

Further  analysis  of  the  absorbing  inclusion  within  the  infinite, 
non-absorbing  matrix  has  been  carried  out  by  Lange  et  al.  (1984; 
1985)  who  showed  that  diit  model  leads  » the  expression  for  the 
laser  damage  lesistanoe  of  eqn  (1),  thus  establishing  the  irqiottanoe 
of  the  thermal  ooixiuciivity  of  tte  boat  material  within  whi^  the 
absorbing  inclusion  is  embedded.  StiU.  the  questioo  is  raised  of 
whether  or  not  eqn.  ( 1 )  it  qiplkable  to  thin  films  of  very  low  dieimal 
conductivity,  in  view  of  the  fut  that  eqn.  (1)  bu  been  derived  for  an 
inchition  within  an  infiirite  matrix,  so  that  ocher  effects  such  at  the 
proximity  of  the  inclusioo  to  the  free  surface,  die  proximity  to  the 
film^ubttrate  interface,  the  size  of  the  inclusion,  or  the  film  thickness 
do  not  enter  die  model. 

OewsideTaqiltericalinclnsloBciftadinsRenibeddedwidiina 
film  of  diicknets  H.  racb  that  the  center  of  die  incbition  is  at  a 
distance  D  below  the  fiee  sorftce  of  the  film  udiieh  is  assumed  »  be 
fnpiiMiC  nw- film  inuppenadnn  a  semi-jgpiiite  substrate  as  tiiown 
in  Rg.  7.  The  snbaef^  “F",  T*.  and  “S”  identify  the  film. 
itiffiiirinii,  and  mhatr^  reflectively.  At  time  ftO  the  inclusion 
absosbt  power  at  the  IBIB  q  per  unit  volume,  whereas  the  fibn  and 
subenate  do  not  abeorh  any  incidem  radiation.  The  tempeitiure  and 


n 


ibe  heat  flux  ire  usunied  to  be  continuous  u  lU  interfaces  and  to 
decay  to  aero  sufflciently  fit  from  the  inclusion. 

For  die  case  of  the  inclusion  embedded  within  an  infinite 
matrix.  Goldenberg  and  Iriuiter  (19S2)  have  shown  that  the 
tempeianiie  distribudon  has  a  ti|mo>d*l  time  dependence,  being  low 
at  «™ii  timM  and  achieving  its  value  at  steady  state  (when 

die  dme  t  ->m).  The  effect  of  die  film  conductivity  on  the  steady  sute 
values  of  the  tetqientuie  has  been  discussed  by  Lambn^oulos  and 
Hwang  (1990). 

We  used  finite  elements  to  solve  the  tune-dependent  heat 
cooducdon  equations 


k,V*T|  +  q  .  (pc)i^  .  r<R 
hFV2TF- (pc)F^  .  r>R.  -(H.D)<2<D  (17) 

KsV2Ts  -  {pc)s^  .  2<-(H.D) 

where  z  is  the  axial  coordinaie  in  a  cylindrical  system  (r  z)  with 
origin  in  the  center  of  the  inclusion,  and  is  the  axisymmetric 
Lapladan  (iterator  in  the  cylindrical  coordinates  rj ,  z.  Note  that 
rW)^ -fz^.  The  initial  conation  fcr  the  temperanne  is  T(ri,  z, 
M>)^.  At  boundary  conditions  we  assume  that  the  film’s  free 
surface  at  z-D  it  insulated,  and  that  the  temperature  and  heat  flux  is 
continuous  at  the  surface  of  the  inclusion  and  at  the  film/substrate 
interface.  For  the  finite  element  solution  we  also  assumed  that  the 
ratio  of  the  thermal  diffusivities  d>k/(pc)  is  equal  to  the  ratio  of  the 
thermal  cooductivities. 
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FIGURE?:  The  geomeiiyafa  thin  film  containing  an  embedded 
inclusion.  Only  the  inclusioo  absorbs  the  incidem  radiation.  The  rate 
of  power  absorption  per  unit  volume  in  the  inclusioa  is  q. 


Fig.  8  shows  die  tesiqietatuie  evolutum  with  time  when  the 
film  is  insulating  (l^AEg^-Ol)  or  has  the  same  cooductivity  as  the 
substrate.  In  Fig.  8  die  inclusion  is  conducting  (thus  modeling  a 
metallic  inclusion,  kj^gKi),  has  a  ladius  R«H/5,  and  is  located  at 
DsH/4  below  the  free  surface  of  the  film.  The  power  absorbed  per 
unit  volume  q  can  be  convened  to  enetgy  absortied  per  unit  atea  E  by 
assuming  that  the  inclusion  absorbs  in  proportion  to  its  cross- 
sectional  area  to  that 


q 


4  tR 


(18) 


FIGURES:  Variation  widi  time  of  die  tenaperatine  at  die  free 
surface  ^otot  A),  the  center  of  the  inclusion  (point  B).  and  the 

film/tobstraie  interface  (point  Q.  The  inclusion  is  located  at  D-HM, 
and  iu  rim  Is  R-H/5.  The  indurion  has  kjAtg-l.  The  solid  lines  ( 

_ )  conespond  to  I^As"0.01  (ix.  low  film  thermal 

conductivity).  The  dashed  Unet  ( _ )  correspond  to  kji/ks-l. 
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where  t  is  the  tiise  elapsed  from  the  beginning  of  the  pulse.  Thus,  the 
temperature  is  effectively  measured  in  units  of  3ER/(8tk^). 

It  is  clear  from  Hg.  8  that  the  effect  of  a  reduced  film  thermal 
conductivity  is  significant  at  points  on  the  fiee  surface  Qioint  A). 
iiMwte  the  inclusion  Qioint  B),  and  at  the  film-substrate  interface 
(point  Q.  However,  the  effect  of  reduced  kp  becomes  significatu 
only  after  certain  times.  For  example,  using  Ds“2E-4  m^/s  (typical 
of  Si),  an  inclusion  size  R^.l  tun,  and  a  pulse  kngtb  of  1  ns,  the 
non-dimensional  time  t/(R^/D^)  is  such  that  the  effect  of  the  reduced 
film  cmiductivity  is  significant  For  these  parameters,  and  using  E»1 
ilea?-,  a  value  of  1  for  the  non-dimensional  temperature  corresponds 
to  an  actual  ten^ierature  of  about  3,7S0  K. 

Fig.  8  also  shows  that  the  temperanire  at  the  filmAubsirate 
interface  (point  C)  is  much  lower  than  that  at  the  inclusion  center  or 
the  film  free  surface.  This  implies  that  a  significant  tempeiature 
gradient  develops  within  the  film,  whereas  the  temperatures  at  the 
substrate  remain  low.  Of  course,  the  use  of  a  more  insulating 
subsnate  will  increase  the  interfadal  temperature. 


4.  CONCLUSIONS 

The  thermal  comparator  is  well  suited  to  the  measurement  of 
the  thermal  conductivity  of  thin  films  of  a  variety  of  materials.  Such 
measurements  are  requhed  in  order  to  estimate  the  rate  of  heat 
removal  from  configurations  involving  thin  films.  The  data  in  Table  2 
show  that  the  thermal  conductivity  of  thin  films  is  not  a  material 
property;  indeed,  the  thermal  conductivity  is  a  properly  that  is 
strongly  influenced  by  ndcrostructural  defects  such  as  porosity,  grain 
microstructure,  impurities,  dislocations,  and  stacking  faults.  In 
addidoo,  the  presence  of  length  scales  which  are  comparable  to  the 
phonon  mean  free  path,  makes  the  thermal  conduedvity  depend  on 
these  length  scales.  As  an  example,  the  analysis  of  the  thermal 
conduedvity  of  AIN  shows  clearly  the  effect  of  film  thickness  and 
impurity  content 

The  thermal  conduedvity  is  calculated  in  terms  of  an  integral 
overall  phonon  frequencies  which  involves  the  combined relaxadon 
time  for  all  scanering  events.  Since  the  total  relaxadon  time  is  the 
geometric  mean  of  the  individual  relaxadon  times,  all  these 
mechanisms  interact  with  each  other,  thus  inducing  a  complex 
dependence  of  the  film  conductivity  on  the  details  of  the  individual 
scanering  mechanisms. 

An  imponant  ccnseqiKiice  of  this  interaction  is  that  thermal 
resistances  may  not  simply  add  when  several  geometries  involving 
thin  films  are  arranged  in  paralleL  This  is  due  » the  fact  that  the 
phonon  density  within  a  thin  film  may  not  be  in  thermal  eqtnhhrium, 
and  that  only  phonons  of  low  frequency  are  allowed  to  pus  to  the 
substrate.  This  idea  hu  been  diKussed  by  Matsumoto  et  al.  (1977) 
andbyCahiUetal.  (1989). 

Both  phonon  scanering  models  and  expetimenial  data  for  thin 
film  thermal  oonductivity  show  that  bulk  values  are  clearly 
inappropriate.  Thus,  a  database  is  necessary  coniaininf  the  ihctmal 
conductivity  of  thin  films  for  a  variety  (rfthickwetses  and  for  a  varier 
of  miciostriictiital  featuru.  The  thermal  comparator  is  inexpeanve, 
rapid,  aon-destractivc  and  dius  convenient  for  carrying  out  such 
measaemenlB.  The  ctnent  detifn  of  the  comparator  can  only 
measine  fUn^mbsoaie  spedmeos  at  room  aetpperatuR.  Since  the 
temperarare  decadence  of  the  thermal  oonduoiviiy  abo  provitks 


important  mictosmictural  information  at  temperatures  lower  than  the 
Debye  ten^ierature,  this  proposed  database  should  also  contain  the 
temperature  as  a  parameter. 
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